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ABSTRACT 
This thesis reports on the research outcome of corrosion mechanism and corrosion rate of 
mild steel in different environments (saline, alkaline solutions and concrete media) using 
potentiodynamic polarization technique. The study also included the effect of corrosion on 
bond strength between reinforcing steel and concrete using pull-out test.  
 
Corrosion of mild steel and 316L stainless steel with different surface conditions in 1, 3 and 
5% saline (NaCl + Distilled water) was investigated. Specimens ground with 200 and 600 
grit silicon carbide grinding paper as well as 1μm surface finish (polished with 1µm 
diamond paste) were tested. In case of mild steel specimens, reduction in surface roughness 
caused increase in corrosion rate, while in 316L stainless steel corrosion rate decreased as 
the surface roughness improved. Metallographic examination of corroded specimens 
confirmed breakdown of passive region due to pitting corrosion.  
 
Corrosion of mild steel was also investigated in alkaline solution (saturated calcium 
hydroxide, pH =12.5) contaminated with 1, 3 and 5% saline. A series of corrosion 
experiments were also conducted to examine the efficiency of various concentrations of 
calcium nitrite (CN) on corrosion behaviour of both as-received and polished mild steel in 
alkaline solution containing 3% saline after 1 hour and 28 days of exposure.  Corrosion rate 
was higher for the as-received than polished mild steel surface under the same testing 
conditions in NaCl alkaline solution with and without nitrites due to the effect of surface 
roughness. Morphology investigation of mild steel specimens in alkaline solution 
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containing chlorides and nitrites showed localized pits even at nitrite concentration equal to 
chloride concentration. 
 
Corrosion of steel bars embedded in concrete having compressive strengths of 20, 30 and 
46MPa was also investigated. The effect of 2 and 4% CN by weight of cement on corrosion 
behaviour of steel bar in low and high concrete strengths specimens were also studied. All 
reinforced concrete specimens were immersed in 3% saline solution for three different 
periods of 1, 7 and 15 days. In order to accelerate the chemical reactions, an external 
current of 0.4A was applied. Corrosion rate was measured by retrieving electrochemical 
information from polarization tests. Pull-out tests of reinforced concrete specimens were 
then conducted to assess the corroded steel/concrete bond characteristics.  
 
Experimental results showed that corrosion rate of steel bars and bond strength were 
dependent on concrete strength, amount of CN and acceleration corrosion period. As 
concrete strength increased from 20 to 46MPa, corrosion rate of embedded steel decreased. 
First day of corrosion acceleration showed a slight increase in steel/concrete bond strength, 
whereas severe corrosion due to 7 and 15 days corrosion acceleration significantly reduced 
steel/concrete bond strength.  Addition of only 2% CN did not give corrosion protection for 
steel reinforcement in concrete with 20MPa strength at long time of exposure. However, 
the combination of good quality concrete and addition of CN appear to be a desirable 
approach to reduce the effect of chloride induced corrosion of steel reinforcement. At less 
time of exposure, specimens without CN showed higher bond strength in both concrete 
mixes than those with CN. After 7 days of corrosion acceleration, the higher concentration 
of CN gave higher bond strength in both concrete mixes. The same trend was observed at 
15 days of corrosion acceleration except for the specimen with 20MPa compressive 
strength and 2% CN which recorded the highest deterioration in bond strength.  
 
 
Keywords: Concrete; Steel reinforcement corrosion; Bond strength; Sodium chloride; 
Alkaline solution; Accelerated corrosion; Polarization; Calcium nitrite.  
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CHAPTER ONE  
 
INTRODUCTION 
 
 
1.1 Corrosion of steel reinforcement 
Corrosion is the result of chemical reaction between a metal and its environment and 
can take many forms. General corrosion tends to result in a relatively uniform 
removal of a surface but specific features in the surface of the metal (e.g. grain 
boundaries, precipitates and metal/inclusion interfaces) may be preferentially or 
selectively attacked. The formation of surface films covering the metal, while 
generally protective, can give rise to localized corrosion attack and pitting (Scully 
1975). The formation of this film in steel is almost instantaneous in an oxidizing 
atmosphere such as air, and once the layer has formed the metal is "passivated" and 
the oxidation or "rusting" rate will slow down to less than 0.04 mills per year (mpy) 
(Bertolini et al. 2004,  Lounis et al. 2004, Elsener 2005).  
The normally alkaline environment (pH=12.0-13.5) which concrete provides for steel 
reinforcement gives excellent corrosion protection by forming a passive film on the 
steel surface. The concrete, because of its strength and resistance to penetration by 
fluids, also acts as a physical barrier to the access of aggressive agents and harmful 
compounds. Consequently in a properly designed, built and maintained reinforced 
concrete structure, there should be few problems of steel corrosion during its design 
service life. Nevertheless, corrosion of steel reinforcement is the most common cause 
of reinforced concrete deterioration and can lead to catastrophic failure, such as the 
collapse of the Berlin Congress Hall (Isecke 1982) and  parking garage in Minnesota 
(Berke et al. 1990), resulting in injury and death. In the United States the 
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deterioration of reinforced concrete due to corrosion of rebars results in billons of 
dollars being spent to maintain and replace existing concrete structures. In 1993, the 
US Strategic Highway Research Program (SHRP 1993) estimated the cost of 
corrosion damage to the United States transportation system to be about $20 billion 
annually and that this huge sum was increasing at the rate of about 500 million 
dollars per year. In 2001 the US Department of Transportation, Federal Highway 
Administration (FHWA 2001) estimated annual costs of $8.3 billion due to corrosion 
of highway bridges, $22.6 billion for infrastructure, with a total of $275.7 billion for 
all types of corrosion. These sums are the cost of replacing damaged materials and 
components and did not include costs incurred through disruption of traffic or 
consequent loss of production, loss of life and injury, or any environmental impacts. 
However, research has not yet produced any alternative material to steel that is both 
economically and technically feasible for use as reinforcement in concrete. 
The Highways Agency in the United Kingdom estimated the total cost of corrosion 
damage on motorways and trunk road bridges in England and Wales to be £616.5 
million (Wallbank 1989). These motorways and trunk road bridges are about 10% of 
all bridges in the UK; so the total cost may be many times higher the Highways 
Agency estimation.  In the Middle East, the combination of warm climate and saline 
ground water increases all corrosion problems, which are made worse by the 
difficulty of curing concrete satisfactorily. These considerations have led to a very 
short life expectancy of reinforced concrete structures (Rasheeduzzafar et al. 1992).  
A major cause of steel reinforcement corrosion is the presence of chlorides, from 
chloride contaminated aggregates and chloride containing admixtures used during 
construction; or from penetration of chloride ions from sea spray, or ingress of de-
icing salt. As chlorides diffuse into concrete, chloride ions accumulate on the surface 
 3 
of the reinforcing bars and thus the passive film on the reinforcement breaks down 
with consequent corrosion of reinforcing steel.  
Corrosion of embedded steel can also be due to carbonation of concrete. This is the 
process in which atmospheric carbon dioxide ( 2CO ) reacts with the alkaline 
hydroxides in the concrete pore solution, converting them to non-alkaline carbonates. 
The diffusion of 2CO  reduces the alkalinity of concrete surrounding the 
reinforcement and corrosion of steel occurs as a result.  
The rate of corrosion of steel reinforcement in concrete is strongly affected by a 
number of environmental parameters including the presence of oxygen and moisture, 
concrete permeability and concrete cover, pH of the pore solution and gradients in 
chloride levels.  High compressive strength concrete (low water/cement ratio) has a 
low permeability which minimizes corrosion of steel by reducing penetration of such 
corrosion inducing ingredients as 2CO , chlorides and moisture. Low permeability 
increases the electrical resistivity of concrete and thus restricts the rate of corrosion 
by reducing the flow of hydroxyl ions from anode to cathode.  
 
Corrosion of steel embedded in concrete has been studied using mass loss method. 
The specimens are exposed to known environments for long periods of time, and 
then the corroded surface products are removed, and the corrosion rate is determined 
as the difference in mass of steel before and after corrosion. However, this method 
takes a long time and more recently electrochemical techniques with modern 
electronic hardware and software are used to predict corrosion properties including 
corrosion potential, breakdown potential and corrosion rate (Pruckner 2001).    
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1.2 Performance of concrete structures reinforced with corroded 
steel  
 
The basic problem associated with the deterioration of reinforced concrete is 
corrosion products, i.e. rust. The formation of rust involves a substantial volume 
increase (a factor of about 4) which causes cracking, spalling and staining of 
concrete, and reduces the effective cross-sectional area of reinforcing bars and 
weakens the bond between reinforcement and concrete, seriously affecting the 
durability, and the service-life of structures (Almusallam et al., 1995, Cabrera 1996, 
Rashid et al. 2010). The effects of reinforcement corrosion on the behaviour of 
reinforced concrete elements are shown schematically in Figure 1-1. 
 
Figure 1-1: Influence of reinforcement corrosion on behaviour of reinforced concrete 
structures. 
 
The bond between steel rebars and concrete is dependent on the cohesion and 
adhesion at the steel/concrete interface and the mechanical interlocking between the 
ribs or deformation of steel bars and surrounding concrete. When steel corrodes the 
initial corrosion product formed can slightly improve the bond, but increasing the 
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level of corrosion will often result in cracking and decrease in bond at the 
steel/concrete interface (Cabrera 1996, Chung et al. 2008). 
Corrosion of reinforcing steel causes a decrease in the diameter of steel rebar which 
reduces such mechanical properties as yield strength, tensile strength and ductility. In 
addition when reinforcing steel corrodes, the corrosion products occupy a much 
larger volume than the original steel, and will eventually exert a large tensile force on 
the surrounding concrete which causes cracking and spalling of the concrete cover 
and loss in adhesion between steel and concrete interface.  
 
1.3 Corrosion control/prevention  
Since corrosion of reinforcing steel bar causes early deterioration of most concrete 
structures and it is a very costly problem, not only in terms of its financial 
implications but also for its structural safety, multiple protection strategies have been 
developed to guarantee a long service life including the use of corrosion inhibitors, 
protective steel coatings and cathodic protection. 
Corrosion inhibitors are widely used to delay corrosion of reinforcing steel in 
concrete. The general types of inhibitors are anodic, cathodic, and mixed. The anodic 
inhibitors react with the corrosion products of the reinforcement and form a 
protective film on the surface, and gradually all the steel surface is covered and the 
corrosion process stops. With anodic inhibitors sufficient quantities must be present 
to provide effective inhibition; they are not effective when used in very small 
quantities, and they may cause the corrosion rate to increase. According to Gaidis 
(2004), two types of anodic corrosion inhibitors are important for steel, one type 
includes oxidizing agents such as nitrites, nitrates and chromates, and the other type 
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includes silicates and phosphates. These materials require dissolved oxygen in order 
to become effective.  
Cathodic inhibitors affect the cathodic reaction by reacting with the hydroxyl ions to 
precipitate insolubles, such as salts of zinc, magnesium and calcium on the cathodic 
site and prevent access to oxygen. Materials such as organic compounds also affect 
the cathodic reaction by forming a layer of adsorbed hydrogen on the cathode 
surface. Cathodic inhibitors are considered to be safe because the active cathode area 
is reduced regardless of the amount of inhibitor used. Presently mixed inhibitors such 
as chromate/polyphosphate/zinc are used to provide corrosion protection. The 
corrosion inhibitor reaction is influenced by many factors, such as solubility, 
precipitation, dispersion, chloride to inhibitor ratio (anodic inhibitor only), chemical 
composition of cement, temperature and pH of pore solution.  
Anodic inhibitors have been found to be more efficient than cathodic corrosion 
inhibitors. The most common anodic inhibitor is calcium nitrite (CN) which has been 
widely used for preventing corrosion of concrete reinforcement in Europe and the 
United States for a long time. The advantage of CN is that it can be added to the 
concrete mix and has no adverse effects on concrete properties and performance of 
the structure due to its compatibility with concrete (Bertolini et al. 2004, Reou and 
Ann 2008).  
1.4 Scope and objectives of this study 
The general aims of this research project are to investigate the corrosion behaviour of 
steel in different strengths of chloride solution, as the base line and comparison with 
reinforced concrete, how alkaline solutions affect the behaviour of steel corrosion, 
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and the corrosion behaviour of steel embedded in concrete mixed with and without 
CN exposed to chloride along with steel/concrete bond characteristics.  
In summary, the following main aims and objectives were investigated: 
 To study the corrosion performance of steel with various degrees of surface 
roughness immersed in saline and alkaline solutions.  
 To measure corrosion potentials and rates of steel using the potentiodynamic 
polarization technique for different immersion times in different strength of 
chloride alkaline solutions. 
  To examine the corrosion performance of concrete reinforcement in the 
presence of chloride using potentiodynamic polarization technique.  
 To simulate the severe local corrosion that causes significant changes on the 
surface condition of steel reinforcing bars.  
 To evaluate the deterioration of bond strength between steel reinforcement 
and concrete at increasing levels of corrosion. 
 To investigate the effect of corrosion inhibitors such as CN on corrosion 
behaviour of steel embedded in concrete subjected to chloride contamination 
simultaneously, and with evaluation of the bond strength between steel and 
concrete. 
 
1.5 Thesis organization 
This thesis is divided into seven chapters as explained below. 
This chapter gives a brief background to reinforcement corrosion, its effect on steel 
in concrete and methods of corrosion prevention and the objectives of the present 
study.  
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The second chapter reviews the literature relevant to the present work. It begins with 
a brief outline of the corrosion process and discusses the mechanisms and factors 
influencing the corrosion behaviour of reinforcing steel embedded in concrete. A 
review covering passivity and pitting corrosion of steel in alkaline media is also 
presented. The effect of corrosion on bond strength between steel and concrete is 
also reviewed. The examination of corrosion protection and prevention for steel in 
concrete is discussed. The literature review ends with some concluding remarks.  
 
Chapter three of this thesis provides the corrosion scenario of mild steel and 316L 
stainless steel with various surface roughnesses in the presence of 1, 3, and 5% NaCl 
(saline) solutions. The experimental methods including specimen design and 
preparation, followed by corrosion measurements are presented. The results are 
displayed and discussed. The main conclusions are summarized. 
 
Chapter four gives the corrosion characteristics of mild steel in alkaline solution 
containing chlorides and nitrites at different periods of exposure. The experimental 
procedure including specimen details, corrosion media and corrosion tests are 
presented. The results, interpretation and major conclusions obtained from the 
experimental work are presented. 
 
In chapter five, the main experimental methods utilized for investigating corrosion of 
steel in concrete in 3% NaCl solution and steel/concrete bond characteristics are 
described. A constant current of 0.4A was applied for different duration of 1, 7, and 
15 days to expedite the corrosion propagation. Potentiodynamic polarization test was 
conducted to estimate the corrosion resistance and pull-out test was performed to 
evaluate the bond strength between steel and concrete.  Results, discussion and the 
main conclusions are given. 
 9 
Chapter six describes the effect of various content of calcium nitrite (CN) on the 
corrosion resistance of reinforced concrete in 3% NaCl after 1, 7, and 15 days of 
corrosion acceleration. A series of pull-out tests were also carried out to evaluate the 
bond strength between steel bar and concrete. The results are presented and 
interpreted, accordingly. The main findings are also concluded.    
 
The seventh chapter gives a brief summary of the work, and major conclusions 
resulting from the present investigation and gives some suggestions for future work.   
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CHAPTER TWO 
 
LITERATURE REVIEW  
 
 
2.1 Introduction 
Corrosion is defined as the destruction or dissolution of metals due to interaction 
with its environments. The products of this reaction may be in solid, liquid or 
gaseous phase.  Both physical and chemical behaviours of the product are important 
since they frequently affect the subsequent rate of corrosion (Scully 1975). 
 
Concrete is high alkaline material (pH =12-13.5) which forms cover to the steel 
surface and prevents dissolution of iron. Furthermore, concrete made with low 
water/cement ratio has a low permeability that minimizes the penetration of 
ingredients that induced-corrosion, such as chloride, carbon dioxide and moisture to 
the steel surface (Ahmed 2003). In addition, low permeability increases the electrical 
resistivity of concrete and thus helps in restricting the rate of corrosion by reducing 
the flow of hydroxyl ions from anode to cathode. It is obvious that corrosion of steel 
embedded in concrete requires the breakdown of the passive film. Steel 
reinforcement corrosion in majority of concrete structures does not occur easily as 
long as there is good quality concrete and proper design of the structure. However, 
corrosion of steel in concrete may occur when exposed to aggressive substances such 
as chloride and carbon dioxide.  
 
Various protection methods have been also carried out to protect the steel 
reinforcement and guarantee long service life by corrosion prevention. These include 
cathodic protection, the use of coated steel rebar, corrosion inhibitors, and additive 
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minerals such as silica fume, fly ash, etc, to reduce permeability and provide better 
corrosion control.  
 
This chapter gives a review of investigations conducted on corrosion of steel 
reinforcement in concrete. It starts with an introduction to corrosion principles, 
describes the corrosion process of metals in aqueous environment, and corrosion 
mechanism of mild steel in alkaline environment. A review of passivity of steel in 
concrete and localized corrosion forms is presented. Also the effect of reinforcement 
corrosion on structure behaviour and steel/concrete bond strength is discussed. The 
most important electrochemical methods of steel corrosion measurements are 
explained. The literature review ends with corrosion prevention/protection 
techniques of reinforced concrete with steel.  
 
2.2 Principles of corrosion 
2.2.1 Corrosion process of steel in aqueous solution 
The process of corrosion is electrochemical, that is a chemical reaction involving the 
transfer of electrons from one specimen to another. An electrochemical cell consists 
of two electrodes as shown in Figure 2-1. These are known as cathode and anode 
involved in a corrosion reaction. These electrodes are placed in an aqueous solution 
(corrosion medium), by joining both electrodes electrically. Within any 
electrochemical cell two types of reactions must take place, i.e. oxidation and 
reduction reactions. The oxidation and reduction of a species occur at different areas 
on the metal surface with subsequent transfer of electrons from the anode to cathode 
(Fontana 1986). 
Oxidation reaction occurs at anode and reduction at cathode. At the anode site where 
the loss of electrons from the metal occurs, the metal goes into solution forming 
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positively charged ions within the electrolyte. The hypothetical metal M that has n 
valence electrons is shown below with an oxidation reaction:  
M     neM n                                                                                       (2.1) 
The oxidation reaction is also referred to as an anodic reaction.  
During reduction reaction at the cathode there is gaining of electrons from each 
oxidized/dissolved metal atoms. This reaction is also known as a cathodic reaction.  
The reduction of dissolved oxygen and the liberation of hydrogen gas by reduction of 
hydrogen ions are most common reactions occurring during aqueous corrosion of 
metals. These reactions can be shown as below: 
   eH 22  2H                                                                                             (2.2) 
 eOHO 42 22  )(4
OH                                                                           (2.3)  
 
There are other possible cathodic reactions, depending on the nature of solution to 
which the metal is exposed (Callister 2003). Also the electrolyte must allow for 
movement of cations from the anodic sites to the cathodic ones and anions in the 
opposite direction. Finally, the anode and cathode must be electrically connected to 
allow the flow of current. The product from reaction (2.2) is the hydrogen gas, which 
can often cause problems such as hydrogen embrittlerment, while the product from 
(2.3) refers to the dissolved oxygen present in the water; the complete corrosion 
equation is obtained by combining the equation of the oxidation of metal M with one 
of the above equations. In an acid environment, the complete reaction becomes: 
 HM 2 2M + 2H (g)                                                                                  (2.4) 
22/1 O + OH 2 + M 
2M + OH2                                                                  (2.5) 
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Note that equation (2.5) is a combination of equations (2.1) and (2.3) and it 
represents the reactions in aerated water. Furthermore, the products of above reaction 
often combine to form a precipitate:  
22 M OH 2)(OHM                                                                                   (2.6) 
If the metal is iron ( Fe ), the 2)(OHFe , or rust is precipitated when oxygen is 
involved. 
 
Figure 2-1:  The components of electrochemical cell (Callister 2003). 
 
2.2.2 Mechanism of steel corrosion in concrete 
As mentioned earlier steel reinforcement in concrete is normally immune from 
corrosion due to high alkanilty of concrete, however, steel corrodes when attacked by 
aggressive agents. The mechanism of corrosion of steel in concrete is two-fold: either 
by chloride attack or by carbonation of concrete. These two mechanisms usually do 
not attack the integrity of concrete but they attack steel bars. However, other ions 
such as sulfates attack the integrity of concrete before attacking the steel (Broomfield 
1997).   
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The presence of chloride in sufficient concentration at steel concrete interface causes 
damage to reinforcement by attacking the passive layer. The depassivation 
mechanism for chloride attack differs from carbonation.  
The chloride ions act as a catalyst for the broken passive film.  In the absence of 
chloride, the passive film dissolves slowly as ferric ions. The FeOOH  is a hydrated 
passive film with iron in the ferric oxidation state (Ramirez et al. 1990, Thangavel 
and Rengaswamy 1998). Chlorides catalyze the dissolution of this ferric hydroxide 
as shown in reactions (2.7) and (2.8):  
 ClFeOOH 2 OHFeOCl                                                                       (2.7) 
  OHClFeOHFeOCl 232                                                                  (2.8)  
The reactions (2.7) and (2.8) destroy the passive film at the steel surface, anodic 
dissolution of Fe  at the bare site follows, and then ferrous ions are produced and 
react with chlorides to form ferrous chloride as shown below:  
2
2 2 FeClClFe                                                                                             (2.9) 
The ferrous chloride reacts with water and the hydroxyl ions in the pore water to 
form ferrous hydroxide, a greenish black product at the anodic sites (Ramirez et al. 
1990). Chloride ions are simultaneously released into pore water and then the 
chloride ions further react with ferrous ions to continue the corrosion process in a 
cycle as indicated by the following chemical reaction: 
  ClHOHFeOHFeCl 22)(2 222                                                         (2.10) 
The ferrous hydroxide reacts with oxygen and pore water to form ferric hydroxide 
which is dissociated into ferric oxide, and hence red-brown rust product is formed 
(Ramirez et al. 1990, Austin et al. 2004) as given below: 
 OHOOHFe 222 2/1)( 3)(2 OHFe                                                             (2.11) 
3)(2 OHFe OHOFe 232 3                                                                              (2.12) 
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Carbonation attack is the result of the interaction of carbon dioxide in the atmosphere 
with alkalis in concrete (Steffens et al. 2002). First, carbon dioxide from the 
atmosphere diffuses through the concrete forming carbonic acid with the pore water 
in concrete according to the following reaction.  
 OHCO 22 32COH                                                                                        (2.13) 
Then the carbonic acid reacts with the calcium hydroxide in concrete to form calcium 
carbonate and waters as shown in the formula below:    
 232 )(OHCaCOH OHCaCO 23 2                                                             (2.14)                                                                        
The transformation of calcium hydroxide to calcium carbonate referred to as 
carbonation, lowers the pH of the pore water to less than 9.0 in a fully carbonated 
concrete. This phenomena leads to depassivation and catastrophic reinforcement 
corrosion (Moreno et al. 2004, Ann et al. 2010).  This type of attack is common for 
old, badly built structures where low cement content concrete is used and where 
structures are built with a low concrete cover.  
Carbonation is easily detected using the phenolphthalein indicator in a solution of 
water. If the colour of the indicator is pink, the activity of carbonation is low. 
Phenolphthalein changes from colourless at low pH (carbonated zone) to pink at high 
pH (uncarbonated zone) (Broomfield 1997, Lo and Lee 2002). Carbonation can be 
prevented by high cement/water ratios, good curing and enough cover depth of 
concrete. 
 
2.2.3 Electrochemical potential  
Anodic and cathodic sites form on the metal surface where they are different in 
electrochemical potential due to the existence of heterogeneities in the corroded 
system. These heterogeneities in the same metal occur due to metallurgical 
segregation, different grain orientation or due to local differences in the electrolyte. 
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This can also occur when two different metals are connected and immersed in the 
same electrolyte, where one will act as anode and the other as cathode depending on 
the nobility of metal involved.  
The driving force for the reactions is the difference in the electrochemical potential 
between the anode and the cathode. These potentials may be defined as a measure of 
the ease of transfer across the steel-concrete interface and the ease of ionization of 
dissolved oxygen. The electrochemical potential can not be measured in absolute 
value. Therefore, the potentials obtained from electrochemical measurements rely on 
the differences in potentials of the half cells as compared to a reference electrode. It 
is quoted in volts relative to the particular reference electrode used. A fixed 
difference in potential is always established between a metal and solution containing 
its ions at unit activity. The potential difference is arbitrary designed as zero volts for 
standard hydrogen electrode, which is used as reference for all metal potentials.  
The difference between cathodic potential ( cE ) and anodic potential ( aE ) can be 
very small if the anode and cathode are quite close to each other, and the electrolyte 
conductivity is high and can attain a voltage of several hundreds of milivolts when 
the resistance of the electrolyte is high. The potential of anode is always less than the 
cathode in the corrosion pair. The Nernst equation allows the actual potential, E  to 
be determined as:   
zF
RT
EE  0 ln K                                                                                               (2.15) 
Where E  = half-cell potential, 0E = standard electrode potential, R = gas constant 
(8.314 J/mole), T = absolute temperature, z  = valence, F  = Faradays constant 
(96,485 C/mol) and K is the equilibrium for ions present in the solution. Therefore, 
the actual potential of corroding iron ( corrE ) is dependent on a variety of factors. 
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These factors include the equilibrium potentials of the anodic and cathodic half-cell 
reaction, the corrosion of surrounding electrolyte, the temperature, the polarization of 
the half-cells, and the existence of passivity (Muzyczko 1978).  
 
2.2.4 Pourbaix diagram 
Pourbaix diagram is the thermodynamic data which can be presented by plotting 
potential as a function of pH, and shows the equilibrium situation of metals 
immersed in water, acid or alkalines that may be immune (does not react) or can 
react to form oxide films or complex ions (Uhlig and Revie 1985).  
Figure 2-2 shows a typical Pourbaix diagram for OHFe 2 system at room 
temperature. Based on equilibrium thermodynamics, this diagram shows potential 
versus pH plots and divided into three main regions: 
1- Immunity, where the metal is thermodynamically stable and is immune to 
corrosion. 
2- Corrosion, where the metal ions are thermodynamically stable and corrosion 
occurs at a rate which cannot be predicted thermodynamically. 
3- Passivity, where the metal compounds are thermodynamically stable, and 
may protect the substrate from further reactions with environment.   
 
The dotted line in Figure 2-2 represents the thermodynamic stable region of oxygen 
in water, which is above line A, and between lines A and B, and of hydrogen which 
is below line B. The iron in the passive state at pH range of 8-13.5 as shown in 
Figure 2-2, however it also shows that corrosion may begin if the pH is exceeded  
13.5, where a soluble ferrite, 2HFeO , forms. But, the occurrence of this phenomena 
in the concrete has not been confirmed (ACI 222R 1989). 
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The major uses of such diagram are: (1) Predicting whether or not corrosion can 
occur; (2) estimate the composition of corrosion products formed; and (3) Prediction 
of environmental change which will prevent or reduce corrosion (Nace 1984, 
Ramirez et al. 1990).   
Proubix diagram cannot predict the rate of corrosion or the influence of other ionic 
species such as chloride ions on corrosion (Uhlig and Revie 1985). 
pH  
Figure 2-2: Simplified potential–pH diagram for the OHFe 2  system (Schiessl 
1988). 
 
2.2.5 Electrode Kinetics  
In trying to understand the corrosion behaviour of metals, it is necessary to 
understand the electrochemical reactions involved and how they are limited by 
various physical and chemical factors. In electrochemical cells an external source of 
power is used to drive current through the system and hence there is a shift of 
electrode potential from its equilibrium value which is called polarization (Uhlig and 
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Revie 1985, Rosenberg et al. 1991). The magnitude of this displacement is called 
overpotential ( ) and defined as: 
acorra                                                                                                      (2.16) 
corrcc                                                                                                       (2.17) 
Where ,a b  are the overpotentials for the anode and cathode, respectively, aE  
, cE are the equilibrium potentials for the anode and the cathode, respectively and 
corrE  is the corrosion potential. There are two types of polarization, activation and 
concentration polarization.  
 
2.2.5.1 Activation polarization  
Activation polarization refers to an electrochemical process that is controlled by the 
reaction sequence at the metal-electrolyte interface (Fontana 1986). Before certain 
chemical reaction can occur, a critical energy barrier must be overcome in order for 
that particular reaction to proceed. Activation polarization is usually associated with 
this energy and is required for the slowest step of the reaction. The slowest step of a 
chemical reaction is usually the rate-determining step of that reaction. 
Mathematically, activation polarization can be defined by the Tafel equation: 
  = ba  ilog                                                                                                     (2.18) 
Where a  = constant parameter known as the Tafel intercept, and b  = constant 
parameter known as the Tafel slope. These parameters can be obtained empirically 
by plotting   versus i on logarithmic scale. The parameter a  is related to the 
exchange current density 0i  for a given metal and environment, while parameter b  
gives an insight into the mechanism of the electrode reaction.  
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2.2.5.2 Concentration polarization  
Concentration polarization refers to the electrochemical reactions that are controlled 
by the diffusion of ions in electrolyte (Fontana 1986). Concentration polarization 
occurs when the concentration of electrolyte changes in the vicinity of electrode, 
such as depletion of oxygen at the cathode. In concentration polarization, a decrease 
in the rate of diffusion of ions will decrease the concentration polarization thereby 
leading to an increased rate of reaction.  
 
The importance of distinguishing between activation and concentration polarization 
depends on type of polarization which controls the reduction reaction, and 
environmental condition. If the cathodic reaction is controlled by activation 
polarization, then the stirring or agitation will have no effect on the rate of corrosion. 
In contrast, increase in velocity or agitation of the corrosives medium will increase 
the corrosion rate if the cathodic process is controlled by concentration polarization. 
If both the anodic and cathodic reactions are controlled by activation polarization, 
agitation will have no effect on corrosion rate. However, the total polarization effect 
is the sum of both the activation and concentration effects. 
 
2.3 Anodic polarization 
Some metals and their alloys that exhibit passivity (i.e. the loss of chemical 
reactivity) developed a protective oxide film under particular environmental 
conditions, such as aqueous, acid, and alkaline solution (Callister 2003). Metals such 
as iron, chromium, zinc, nickel and their alloys have this ability to passivate with 
widespread application in corrosion engineering. 
Figure 2-3 illustrates the typical S-Shape dissolution curve for a material that 
demonstrates passivity or active-passive transition. This curve is typical anodic 
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polarization behaviour. Note that the critical values of potential and current and the 
three distinct regions: active, passive, and trans-passive.  
               
 
Figure 2-3:  Dissolution curve obtained during anodic polarization (Callister 2003). 
 
At the start of the chemical reaction the electrodes (cathode and anode) are at 
different potentials and will strive to reach an equilibrium position, i.e. point A in 
Figure 2-3. This point is normally described by the electrode potential 0E and 
exchange current density of 0I  where also ac III 0 where cI  is the critical anodic 
current density and aI is the anodic current density. At point the corrosion current 
density ( corrI ) and corrE the metal begins to corrode as shown by the oxidation 
reaction   neMM n  also note that at the equilibrium point A, 0I = corrI  
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and corrEE 0 . As the potential is increased from 0E  there is a corresponding 
increase in the current density of the metal which are due to anodic polarization and 
increasing rate of metal dissolution describing the active region, i.e. corrosion taking 
place.  
As potential is raised to primary passive potential ( ppE ), the rate of corrosion 
decreases and the current density begins to drop from cI  to breakdown potential 
( brkI ). The ppE  indicates the starts of the passivation region, i.e. when the metal 
begins to form a protective film on its surface. This film reduces the reactivity of the 
metal and is responsible for the drop in the current density. Note that brkI  remains 
constant within the non-reactive passive region as potential is increased to brkE  at 
which the metal become active again, entering the trans-passive region suggesting 
increased metal dissolution and further corrosion and also the current density begins 
to rise again. It is, therefore, necessary to carry out the corrosion testing so as to 
establish the dissolution curve and identify the passive region to have some control 
over the corrosion process.  
Some factors have more influence effect on the metals passive range which include 
temperature, pH and certain aggressive ionic species such as chloride ions (Olsson 
and Landolt 2003).  
 
2.4 Pitting corrosion of steel in chloride solution  
Pitting corrosion is a form of localized corrosion associated with the breakdown of 
the film and frequently occurs on a completely flat surface. Pits take place where the 
passive oxide film on the metal surface breakdown. The pourbaix diagram indicates 
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the likely pH range, which is usually in the natural/slightly alkaline range to avoid 
corrosion (Pourbaix 1990). 
 
In practice, metals or their alloys such as iron and steel exhibit passivity and are 
covered with oxide layers with high corrosion resistance, and if any breaks occur in 
the surface, it is likely to become location of intensive localized corrosion. This is a 
more insidious form of corrosion often undetected and with a small material loss 
leading to failure. Pits are also quite difficult to inspect, because of their small size 
and due to corrosion product which is covered by the metal surface (Fontana 1986).  
It’s well known (Jeffrey and Melches 2007) that when mild steel first corrodes, 
anodic and cathodic areas develop over the corroded surface. Conventionally, these 
are assumed to change in shape and to move across the surface, resulting in early 
corrosion that is approximately uniform. However, for saline solutions and marine 
condition usually this is not observed, but pits have been observed on the metal 
surface. 
 
When a high corrosion resistance is required stainless steel is recommended. Type 
316L stainless steel is austenitic and has been used in chemical and petrochemical 
industries and offshore structures for many decades (Kold et al. 2006). The excellent 
corrosion resistance of this stainless steel is attributed to the formation of a stable 
passive oxide layer, but nevertheless stainless steel is susceptible to localized 
corrosion by chloride ions (Al-Fozan and Umalik 1992, Abd El-Meguid et al. 1998, 
Refaey et al. 2006, Congmin et al. 2007). In addition to choosing the right stainless 
steel grade for good corrosion resistance, it is equally important to specify the right 
surface condition of the materials used in many applications (Kold et al. 2006).  
 24 
The surface condition affects the corrosion resistance to a certain extent, which 
implies that it is possible to meet certain requirements by specifying the proper finish 
rather than upgrading the chosen alloy. The effect of surface condition on corrosion 
resistance of 301, 304L and duplex stainless steel has been documented elsewhere 
(Sasaki and Burstein 1996, Moayed et al. 2003, Elhoud et al. 2007). Since the pitting 
potential actually defines a minimum condition under which pits can become stable, 
the aim is to lower the pitting potential. Metastable pitting occurs throughout the 
passive region of stainless steel and the potential at which the transition to stable pit 
growth occurs is an important parameter describing the stability of the metal (Hong 
and Nagumo 1997, Cruz et al. 1998). 
 
2.5 Passivity of steel in concrete  
Passivity term predates the modern concern of the protective crystalline structure in 
solids. Passivity is provided by an insoluble layer formed on the metal surface which 
protects the metal against corrosion. It has been proved (Page et al. 1990) that steel in 
concrete passivates in a similar way to steel in alkaline solution in the absence of 
chloride. 
 
The high alkaline environment of concrete offers satisfactory corrosion protection to 
the embedded steel. This protection is largely electrochemical in nature and is due to 
the passive film formed on the steel surface. However, a decline in durability of 
reinforced concrete structures due to steel corrosion is common. The thermodynamic 
state of passivity is represented by pourbaix diagram, see Figure 2-2.  
The alkaline nature of pore solution and the presence of oxygen and water result in 
the formation of insoluble protective layer consisting of ferric oxides. This layer 
reduces the dissolution of ferrous ions from anodic sites and therefore the corrosion 
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rate to a very low level (Lounis et al. 2004). Figure 2-3 showed the polarization 
curve for a passive metal, such as reinforcing steel in alkaline environment.  
 The active region where the metal dissolution increases due to increase in 
current density. 
 The passive region where a very low dissolution rates occur. 
 The trans-passive region where a high enough potential is reached anodic 
decomposition of water occurs to form oxygen and hydrogen.  
 
It is known (Andrade et al. 2001, Saremi and Mahallati 2002) the passive potential 
range is very wide for steel and it is normally about +200 to -700mV saturated 
calomel electrode (SCE) at pH =13. Potentials more positive than +200 mV SCE 
cause evolution of oxygen on passive steel. The evolution of oxygen causes decline 
in OH concentration at the steel/concrete interface. The oxygen evolution also 
causes pool of water at the steel-concrete interface and hence may decrease the local 
resistivity.  
A relative high pH and presence of oxygen and moisture are essential for 
maintenance of the passivity of the reinforcing steel embedded in the concrete. The 
penetration of chloride ions or carbon dioxide into the concrete causes a reduction in 
the pH which may lead to active corrosion. The elimination of moisture inhibits the 
corrosion process in the absence of oxygen in pore solution at steel/concrete interface 
and if the pH is greater than 9 then corrosion process will continue. However, this 
will result in the evolution of hydrogen instead of the reduction of oxygen at the 
cathode.  
 eOH 22 2 
 OHH 22                                                                                 (2.19) 
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The corrosion rate under these conditions is about 0.04mpy at steel surface which is 
higher for the passive condition with a reduction of oxygen; this value is still low and 
acceptable for most concrete structure (Bertolini 2004, Lounis et al. 2004, Elsener 
2005). However, the evolution of the hydrogen can lead to the embrittlement of 
prestressed steel in both pretensioned and posttensioned structures and resulting in 
their sudden failures (Schroeder, et al. 2003, Ramadan et al. 2008).  
 
2.6 Chloride induced reinforcement corrosion  
2.6.1 Chloride penetration  
Chlorides have been known to be introduced in concrete through several sources 
(Morris et al. 2004, Ann and Song 2007). Chlorides can be cast into concrete using 
accelerator agents containing chloride ions, use seawater for concrete mixing and 
aggregates containing chlorides. Chloride ingress from the environment can be due 
to seawater entering the concrete structure, ground water with high chloride 
concentration and deicing salts.  
 
The most important source of chloride ions in concrete is deicing salts which are 
used in cold climate countries during winter time. The salt mixture penetrates 
concrete by different mechanisms. These include diffusion which is movement of 
substance due to a concentration gradient, permeation which is the flow of liquid in 
concrete due to pressure, capillary absorption which is the transport of liquid into 
porous non-saturated concrete due to surface tension forces, and migration which is 
the transport of ions in an electrolyte due to an electrical potential gradient (Mangat 
and Limbachiya 1999, Erdogdu et al. 2004).  
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Diffusion is considered to be the principal form of chloride transport through 
concrete in aqueous condition. Different factors influence the rate of diffusion of 
chloride through concrete such as the water/cement ratio, type of cementations 
material used pore size and distribution, temperature and time (Song et al. 2008).  
The main factors considered when dealing with diffusion in concrete are pore sizes 
and distribution in concrete, since the pores filled with water, considered to be the 
medium which the ions travel through.  It has been found (Frey et al. 1994, Song et 
al. 2008) that concrete samples with high water/cement ratios have a higher diffusion 
rate than samples with lower water/cement ratios. This has been attributed to the 
higher volume of macrospores and unsegmented capillary pores present in concrete 
with high water/cement ratios. Low water/cement ratio can resist chlorides 
penetration into reinforcing steel, also provides a barrier against the entry of oxygen 
and therefore, provides better concrete corrosion resistance (Canul and Castro 2002, 
Chia et al. 2002, Du and Folliard 2004). The permeability of concrete is a key factor 
in determining the durability of reinforced concrete structure (Goto and Roy 1981, 
Guneyisi et al. 2004).  
 
It has been estimated (Neville 1981) that the typical diffusion rates in fully saturated 
hydrated cement paste to be about 10 12 meter square per second, which is so small 
that it would require several months for the chloride ions to penetrate a 10mm thick 
hydrated cement paste layer, showing the importance of concrete cover thickness and  
quality.  
Chemical reactions occur between the different phases at the inter-phase surface 
while the transport processes transmit the reactions to the surface and withdraw the 
reaction products. The transport process and ingress of moisture or aggressive agents 
and air which result in the chemical reactions and consequent concrete deterioration 
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are controlled the permeability of concrete. Neville (1981) defined the permeability 
of a medium which characterizes the ease with which a fluid will pass through the 
medium under the action of a pressure differential and therefore, it represents the 
relative ease with which concrete can become saturated with water. 
 
It is generally believed that some chloride ions can react chemically with a calcium 
aluminate mineral in the cement gel and therefore, tricalcium aluminates ( )3 AC  
amount of the cement has a strong influence on the mount of chlorides remaining in 
the hydrated cement paste pore solution (Suryavanshi et al. 1998, Sakar 2004).  It 
was reported Sakar (2004) that the effect of different percentages (from 2-10%) of 
AC3 on the corrosion of embedded steel bars in presence of 5% NaCl reduced the 
chloride diffusion and improved the corrosion resistance. 
 
The permeability of blended cement concrete to chloride ions has been found to be 
lower than for Ordinary Portland Cement (OPC) concrete of the same composition. 
Blend agents (slag, pozzolans and fillers) can influence the permeability and 
therefore the rate of penetration of chloride ions (Thomass, 1996, Vedalakshmi et al. 
2008). Blending cement with blast furnace slag has been found to reduce the 
diffusion rate of chloride ions (Dehghanian and Arjemandi 1997, Song 2006). Also it 
was reported by Cabrera (1995); Alexander and Magee (1999) that the uses of silica 
fume in concrete reduce concrete permeability, improve durability and lower the 
penetration rate of chloride. The effect of fly ash (Up to 50%) on concrete samples 
under immersion in chloride has been studied by Montemor, et al. (2000), 
Saraswathy and Song (2006). It was found that fly ash reduces chloride diffusion and 
decreases the corrosion rate.  
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2.6.2 Mechanism of chloride attack  
Chloride ions cause damage to reinforcing steel by attacking the passive film and 
corrosion starts at certain locations along the steel bar where the loss in passive layer 
occurs, see Figure 2-4. This mechanism leads to iron dissolution and hydrolysis 
produces FeOH and H . This produces an acidic environment that attracts anions 
(e.g. Cl and OH ).  If the level of chlorides is high compared with available 
hydroxyl ions the affected area becomes more acidic and chloride rich leading to 
further breakdown in the passive layer and a decrease in corrosion potential with 
increasing anodic activity in the form of iron dissolution (Thangavel and 
Rengaswamy 1998, Ann and Song 2007). In addition, hydroxyl ions are formed due 
to cathodic reactions leading to increase in the cathodic area. The small anode to 
cathode area further promotes corrosion, which result in an increase in the corrosion 
current density (Frazeck 1987). These processes encourage the formation of 
corrosion pits and substantial local loss of cross-sectional area of steel bar, and hence 
increase aggravation of the corrosion process. This, however, can be reversed by the 
available hydroxyl ions that have the ability to neutralize the acidity, stabilize and 
repair the damaged parts of the passive film through further iron oxide deposition.               
The risk of corrosion increases as the chloride content increases and when the 
chloride content at the surface of the steel exceeds a certain limit, called the threshold 
value, corrosion will occur if the water and oxygen are also available (Thomas 1996, 
Glass and Buenfeld 1997, Ann and Song 2007).  
 
There have been numerous studies undertaken to determine the effect of chloride 
concentration on corrosion of reinforcing steel in alkaline solutions, with the purpose 
to establish unique critical chloride for pitting initiation (Li and Sagues 1999, Saremi 
and Mahallati 2002). However, the chloride threshold depends on several variables 
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and, for this reasons values reported by different researchers showed a significant 
sector. It was reported (Li and Sagues 1999) that the critical concentration of 
chloride in simulated concrete pore solutions with pH = 13.6 would be 0.4 to 0.6M 
(mole/liter), while in saturated calcium hydroxide 2)(OHCa  somewhat between 0.01 
to 0.04M.  It has been also found (Saremi and Mahallati 2002) that the breakdown of 
passive film on mild steel in 2)(OHCa  is at [
Cl ]/[ OH ] ratio of 0.60. Hausman 
(1967) reported that steel immersed in a pH =13.2 solution with the addition of 
0.25M NaCl remained in the passive state while Goudi (1970) found that the 
maximum amount of sodium chloride that can be tolerated in a NaOH solution with 
pH =13.9 was 0.12M.  Moreno et al. (2004) reported that the existence of a passivity 
breakdown potential due to pitting corrosion for as-received steel immersed in 
saturated 2)(OHCa  containing 0.05% chloride concentration. Aprael and Hasan 
(2005) performed anodic polarization tests on mild steel in saturated 2)(OHCa  
solution with 0.10 to 3% NaCl by weight of water, and concluded that a thin passive 
film of few nano meters (nm) of oxides covers the metal surface. This layer is 
responsible for the passive nature of the metal at low level of NaCl, and increasing 
NaCl content to 3% NaCl destroys the passive film and shifts the corrosion potential 
to more negative value of ~ -550mV. The rate of oxide layer destruction rises with 
increase the exposure time of specimen to chloride solution and subsequently 
decreases in corrosion potential and increases the corrosion rate (Abd ELhaleem et 
al. 2010). 
 
Other results have been reported on mild steel embedded in concrete with large 
variations in the threshold level of chloride. The chloride threshold level is 
significantly higher than values obtained in alkaline solutions, where the increased 
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resistance of steel in concrete against chloride-induced corrosion was attributed to 
buffering effect of hydrated cement paste at the steel concrete interface. Broomfield 
(1997) assumed the threshold concentration of chloride in concrete to be in the range 
of 0.2% to 0.4% chloride ions by weight of cement, this concentration of chloride is 
the minimum concentration of chloride ions which causes a significant level of steel 
rebar corrosion. However, Lounis et al. (2004) reported the chloride content less than 
0.2% to 0.6% by weight of cement is acceptable in most concrete structure 
specifications. Funashashi (1990) reported a level of 0.7 to 0.89 Kg/m³ is usually 
considered a threshold level for steel bar in reinforced concrete bridge checks. Given 
the inherent complexity and heterogeneity of concrete as a corrosion medium, there 
exists large uncertainty in the chloride threshold value.  
 
Figure 2-5 shows the anodic polarization curve of steel in concrete with different 
chloride contents (Bertolini et al. 2004). The presence of chloride ions in concrete 
leads to variation in the anodic behaviour of steel.  As chloride content increased the 
breakdown potential decreased and the passive range reduced. The breakdown 
potential passes from values of about +600mV SCE in uncontaminated concrete pore 
solution to values below -350mV in concrete with a high content of chloride (Page 
and Treadaway 1982). Also increasing chloride content leads to an increasing metal 
dissolution, and a decrease in corrE . The corrE  for corroded steel due to chloride 
contamination usually varies from -200mV to -600mV (SCE) (Page 1988).   
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Figure 2-4:  Pitting corrosion due to chloride contamination (Treadaway 1988). 
 
Figure 2-5: Anodic polarization of steel in concrete pore solution with different 
chloride contents (Bertolini et al. 2004). 
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2.7 Corrosion rate measurements  
The rate of corrosion provides information on local corrosive conditions and on the 
best remedial action to acheive the most effective corrosion prevention. Corrosion 
measurements can provide early warning of damage in process that result in 
corrosion induced failure. Determining corrosion rate by measuring weight loss of 
samples is still in use because it is simple and effective in some situations. However, 
weight loss only gives an average corrosion of an entire metal sample over the entire 
test period. The less corrosive medium the longer it would take to get a meaningful 
test result. Linear polarization resistance (LRP) and potentiodynamic polarization 
curve measurements are the main electrochemical techniques used to evaluate 
corrosion rates. This section reviews LRP and potentiodynamic polarization curve, 
for evaluation of the corrosion rate of steel in concrete. 
 
2.7.1 LRP technique 
LRP is a method of monitoring corrosion that enables corrosion rate to be measured 
directly in a short time.  Corrosion current ( CorrI ) is found by applying the Stern-
Geary equation, below: 
CorrI = RpB /                                                                                                        (2.20) 
Where: Rp is the polarization resistance measured as in equation (2.21), and B is a 
constant determined by anodic and cathodic Tafel slopes a  and c  using equation 
(2.21). 
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In Equation (2.22), Δ E  is the amplitude of the potential shift away from corrosion 
potential ( CorrE ) and Δ I  is the measured change of current corresponding to Δ E .  
Scully (2000) suggested a range of ±5mV to ±10mV to be normally used, but 
Trethwey and Chamberlain (1995) used ±30mV.  
The LRP method is widely used in laboratory and field tests because it is relatively 
simple and does little to disturb the corrosion system. However, a major limitation is 
that the constant B has to be assumed and this influences the results obtained. 
Gonzalez (1985) proposed that for the active state the B value in the Stern-Geary 
equation be 26mV, and for the passive state 52mV. Using equation (2.21), the value 
B = 26mV can be obtained if both Tafel slopes are equal to 120mV/decade; and for 
B = 52mV one of the Tafel slopes could be infinity and the other 120mV/decade. 
Andrade and Alonso (1996) have claimed that using B =26mV had a maximum error 
factor of 2 when determining the corrosion rate. Song (2000) suggested that B value 
for steel in concrete might range from as low as 8mV to approaching infinity under 
different conditions. 
Gouda et al. (1975) investigated the corrosion in reinforced slag cement concrete 
containing 0-5% CaCl2 using a LRP technique. They reported that the calculated 
corrosion rate was in the range of 0.05 to 0.34mpy. Locke and Simon (1980) was 
found for steel in concrete mixed with 0 to 1% NaCl by total weight of concrete, the 
estimated corrosion rate of embedded steel based on LRP was in the range of 0.03 to 
0.52mpy.    
 
2.7.2 Potentiodynamic polarization curve technique 
In potentiodynamic experiments, the potential driving of anodic and cathodic 
reactions is controlled, and the net change in current (e.g. the reaction rate) is 
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observed. The current applied to achieve the desired increase in the driving force is 
known as the applied current is measured on a potentiostat. At the open circuit 
potential the measured applied current will be zero. This is the potential at which the 
total anodic current is equivalent to the total cathodic current (Eons and Scribner 
1997).  Details of the anodic polarization technique were explained in Section 2.3. 
The potentiodynamic polarization technique has the ability to provide more 
information than the LRP technique, about corroding systems over a greater potential 
range. The corrosion rate obtained from polarization curves should be more accurate 
than that from LRP tests, because of the error introduced by assuming a value for B 
or for the Tafel slopes.  
 
Dehghanian and Locke (1982) used potentiodynamic polarization technique to 
investigate the corrosion behaviour of steel embedded in Type I and Type V Portland 
cement concrete specimens immersed in 0, 0.1%, 0.5%, 1% and 2% NaCl solutions. 
The potential of the steel was kept initially at -1600mV (based on the scale of the 
copper/copper-sulphate electrode (CSE)) for 10 minutes before scanning to 
+1700mV (CSE) at 1mV/s. It was reported that the anodic polarization curves did 
not show a clear passive range for steel when reinforced concrete specimen 
immersed in NaCl solution.  It was also found that an increase in NaCl content 
caused the corrosion potential to become more active and the current density 
increased, and hence the corrosion rate increased. Wheat and Eliezer (1985) carried 
out potentiodynamic polarization measurements in potential ranging from -250mV to 
1200mV (based on SCE) at a scan rate of 1mV/s with concrete specimens (w/c = 
0.52) immersed in 10% NaCl solution for 30 and 150 days. They reported that the 
corrosion rate varied from 0.04mpy for 30 day to 3mpy for 150 days.   
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Jarrah et al. (1995) investigated the corrosion behaviour of steel rebars in plain and 
silica fume blended cement concrete exposed to 15.7% Cl for 2 years using 
potentiodynamic curves. They found an active corrosion in plain cement compared to 
silica fume blended cements where the corrosion rates were estimated of 0.52 and 
3.3mpy, respectively. The greater pore density of silica fume blended cement gave it 
a superior performance when immersed in NaCl solution, because it inhibits the 
diffusion of chlorides to steel/concrete interface. The higher electrical resistivity of 
this cement also acts to impedes the flow of electrons from anode sites to cathode 
sites, thus retarding the corrosion process.  
 
The potentiodynamic polarization technique appears to be a promising technique for 
corrosion rate measurements of steel bar embedded in concrete contaminated with 
chloride. This is because the corrosion rate as well as the Tafel slopes could be 
obtained simultaneously with the test results.  
 
2.8 Fundamentals of bond strength 
In concrete structures, bond stress is the name assigned to the shear stress at the steel 
bar-concrete interface which modifies the steel stress along the length of the bar, by 
transferring load between the bar and the surrounding concrete (Arthur et al. 2004). 
Bond stress is calculated as the nominal shear force per unit surface area of the 
reinforcing bar. 
The external load is very seldom applied directly to the reinforcing steel, which 
receives its share of the load through the surrounding concrete. Thus an effective 
reinforced concrete member must have a positive interaction between the steel bar 
and the surrounding concrete in order to achieve a force transfer between two 
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materials (i.e. steel bar and concrete).  Figure 2-6 illustrates the load sharing between 
the reinforcement and the concrete. 
Bond failure at the steel/concrete interface does not enable the tensile force to be 
developed in steel reinforcing bars, thus affecting the resistance of the structure. 
Bond failure can result generally in a catastrophic failure of structure, which could 
cause serious problems such as fatalities, injuries, and loss of the structure. 
Therefore, it is the responsibility of designers to ensure the bond performance is 
satisfactory (Broomfield 1997).  
Corrosion of steel reinforcement in concrete reduces the durability of concrete 
structures. Furthermore, it is even more serious for the deterioration of bond between 
steel and concrete interface which may cause reduction in the load carrying capacity 
of steel bars due to decrease in the cross-sectional area (Rodriguez et al. 1997, 
Almusallam 2001). 
 
2.8.1 Bond mechanism for reinforced concrete with steel bars 
The bond mechanism is the interaction between the steel reinforcement and the 
surrounding concrete which allows forces to be transferred from the reinforcement to 
the surrounding concrete. The bond of reinforcing steel bars depends primarily on 
mechanical interlocking, adhesion and friction (Wang and Liu 2003). The effect of 
adhesion is small and friction forces don’t develop until adhesion has failed and 
relative displacement between reinforcement bar and concrete occurs. Both 
mechanisms are important in the case of plain bars. For deformed steel bars, the 
mechanical interlock of the ribs of the bars embedded in concrete governs the bond 
stress-deformation behaviour. 
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2.8.1.1 Adhesion  
Adhesion is a chemical bond, which occurs at the interface between the reinforcing 
bar and concrete. The adhesion at steel/concrete interface depends on concrete 
composition, steel bar surface roughness and the reinforced concrete specimen age. 
For relatively small loads, the basic resisting mechanism is the chemical adhesion; 
however, as the load increases the chemical adhesion along the bar surface is lost 
rapidly.  It has been generally assumed (Momayez et al. 2005) that adhesion can 
breakdown because of the action of the service loads, or due to shrinkage of 
concrete.  
The ACI Committee 408 (1991) suggested that the bond strength due to adhesion is 
between 0.48 to 1.03MPa. Treece and Jirsa (1989) have examined the adhesion 
mechanism with both uncoated and epoxy coated steel rebars, and found that the 
uncoated bars did adhere to the concrete while there was no evidence of adhesion 
between the epoxy coated and concrete. Kayali and Yeomans (2000) reported the 
epoxy coating of reinforcing bar resulted in a significant loss in bond strength of the 
order of 20% compared to uncoated reinforcing steel; however there is no adverse 
effect on bond strength with the use of galvanized reinforcing steel.  
 
2.8.1.2 Friction  
Friction is similar to the mechanical interlock; the frictional bond is greatly 
dependent on the surface characteristics of the reinforcing steel bar, aggregate size 
and shape (Momayez et al. 2005).  After the chemical adhesion is destroyed, some 
friction slip occurs before the full bearing capacity at steel bar ribs is mobilized. 
According to the work of Treece and Jirsa (1989), and the ACI committee 408 
(1991) suggested that friction can contribute up to 35% of the ultimate strength 
controlled by splitting of concrete cover.  
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2.8.1.3 Mechanical interlock 
The surface profile of a steel bar dictates the amount of mechanical bond that can be 
generated between steel bar and concrete. The mechanical interlocking of deformed 
steel bars is enhanced by the geometry of the ribs along the length of the steel bar. 
For deformed steel bars, bearing against the lugs is considered to be the most 
significant transfer mechanism at higher load levels. The force transfer mechanism is 
due to the mechanical interlocking between the ribs and concrete. As the ultimate 
bond strength is reached, shear cracks start to form in concrete between ribs as the 
interlocking forces induce large bearing stresses around the ribs, and slip occurs. 
Therefore, bar ribs restrain the slip movement by bearing against concrete. The slip 
of deformed bar may occur in two ways, either through pushing the concrete away 
from the bar by  ribs, i.e. wedging action, or through crushing of  concrete by the ribs 
( Martin and Pantazopoulou 2000, Wang and Liu 2003).   
 
Figure 2-6: Load sharing between concrete and reinforcement (Collins and Mitchell 
1991). 
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2.8.2 Measurement of bond strength 
 
There are many tests for determining bond strength. The main tests are pull-out and 
flexural tests (Standish 1997).  
 
Pull-out tests are relatively simple to perform. The steel is cast into concrete sample 
to a known length. The steel is then pulled up while the concrete is restrained. This is 
continued until the steel either yields or pulls-out from concrete. This test has the 
advantage of simplicity and ease of determination of bond strength. It also allows the 
simultaneous measurement of slip between concrete and steel. However, this method 
is not intended for establishing bond strength values for structural design purposes, 
because pull-out tests do not directly represent the stress state in concrete beams. In 
spite of these limitations, this type of test is most useful when relative rather than 
absolute bond resistance is acceptable, as in comparing the slip resistance of various 
lug sizes and patterns. Hence, this test would be adequate for studying the effect of 
different parameters on bond strength such as comparing the slip resistance of 
various concrete mixes, some with supplementary cementing materials, and various 
corrosion levels. A pull-out test has been standardized as RILEM Technical 
Recommendation 1983.  
 
The most common flexural test is specified by the beam-end test specimen method 
(ASTM A944); it describes the procedures to establish the relative bond strength of 
reinforcement steel bars in concrete. This test method is intended to determine the 
effects of surface preparation or condition (such as coatings) on the bond strength of 
deformed steel bars to concrete. The bond strengths obtained using this test method 
will not be directly applicable to the design of reinforced concrete members. The 
beam-end test specimen will be fabricated by casting, and conditioned by curing 
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prior to tensile load test. The test system consists of the loading system, compression 
reaction plate, and bar displacement measurement device. 
 
There are many factors that influence the bond strength between steel and concrete 
interface including the properties reinforcement, concrete strength, steel bar 
diameter, concrete cover thickness, embedment length, rib geometry and corrosion 
(Dahou et al. 2009).  
 
2.9 Effect of corrosion on bond strength properties   
Corrosion of the reinforcing steel is one of the main contributing factors for 
deterioration of concrete structures (Cabrera 1996). Most corrosion damage is caused 
by ingress of chloride and since the corroded products of iron involve volume 
increases several times larger than that of the steel, extensive cracking of concrete is 
usually associated with corroded reinforcement (Okada et al. 1998).  This reduces the 
contribution of reinforcement to the structure mainly due to the deterioration of bond 
between the reinforcement and concrete. Several experimental programs have been 
undertaken to evaluate the effects of reinforcing steel corrosion on the bond strength 
between steel and concrete (Al-Suleiman, et al. 1990, Almusallam et al. 1995, 
Cabrera 1996, Lee et al. 2002, Chung et al. 2008, Rashid et al. 2010). They used 
impressed external current method to accelerate the corrosion of steel in concrete.  
 
Al-Suleiman et al. (1990), Cabrera (1996), Chung et al. (2008) conducted a series of 
tests on pull-out concrete specimens in which they measured the slip versus load for 
corroded bars at different corrosion levels. They found that before the appearance of 
visible cracks corrosion increased the bond strength, because of the increased bar 
surface roughness which enhanced the bond strength at the steel-concrete interface. 
When visible cracks begin to appear on the concrete surface the bond strength 
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dropped down to slightly below the original level. Once extensive cracking occurred 
the bond strength deteriorated. The bond deterioration was attributed to the loss of 
the bar ribs due to severe localized attack. The ultimate bond strength depends on 
concrete strength, rebar embedded length, applied current, concrete cover thickness 
and corrosion percentage. 
 
Another series of tests carried out by Almusallam et al. (1995), Cabrera (1996) to 
relate corrosion of reinforcement to bond deterioration by testing beams that were 
designed to fail in bending. They found that bond strength increased with corrosion 
up to a certain level of corrosion, but progressively decreased when corrosion was 
very high. They attributed the initial increase in bond to the increased roughness of 
the reinforcing bar surface with the growth of a firm layer of corrosion, whereas the 
loss in bond with further corrosion occurred, especially in the case of severe 
localized corrosion. This was due to severe degrading of bar ribs, the lubricating 
effect of the flaky corroded metal on the bar surface and reduction of the load 
carrying capacity. They also concluded that low levels of corrosion does not affect 
the ultimate load in flexure, but at high level corrosion, the ultimate load is reduced 
because of loss in the diameter of the bars. 
 
Lee et al. (2002), Rashid et al. (2010) studied the relationship between degree of 
reinforcement corrosion and steel/concrete bond strength by varying concrete 
compressive strength and concrete cover thickness using pull-out tests. They reported 
that the ultimate bond strength between reinforcement and concrete decrease in 
proportion to increase of corrosion percentage and also reported that the bond 
strength was influenced by compressive strength of concrete and concrete cover 
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thickness. Sufficient covering or higher compressive strength of concrete may reduce 
the possibility of corrosion of reinforcing steel.  
 
There is some work performed by Fang et al. (2004 and 2006) on the effect of 
confinement on bond strength. They found that for non corroded bars the bond 
strengths of unconfined bars were not significantly lower than that of confined bars, 
however, for corroded bars the bond strengths of unconfined bars were lower than  
that of confined steel bars. Another study conducted by Auyeung (2000) also showed 
that the confinement provides excellent means to counteract the bond loss.  
 
The above researchers have correlated reinforcement corrosion with the loss of bond 
between steel and concrete. Corrosion of steel embedded in concrete is not visually 
evident until the damage reaches to the external signs of deterioration as rust spots, 
cracks or spalling. In order to predict the corrosion service life of reinforced concrete 
structures, it is therefore, more useful to investigate the corrosion characteristics of 
corroded bars in concrete and predicting the steel/concrete bond strength loss from 
corrosion rates.  
 
2.10 Prevention of corrosion 
Corrosion of reinforcing steel causes damage to concrete structures and it is a very 
costly problem in terms of its financial implications and also for its structures safety 
(Bentur et al. 1997, Mammoliti et al. 1999, Jung et al. 2003). It is therefore, 
necessary to develop methods which can increase the surface life of these structures. 
One method of corrosion prevention is proper concrete design. Use of high quality 
concrete with a low water/cement ratio makes the concrete denser and less 
permeable, also thicker concrete cover depth will prolong the time of corrosion 
initiation and the distance for aggressive agents and to reach the reinforcing steel bar 
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will be larger (Tang and Nilsson 1995, Balabanic et al. 1996). In recent years there 
have been rapid development of various materials and methods which can be used 
for increasing the service life of concrete structure subjected to chloride attack. The 
use of some materials such as stainless steel can increase the corrosion resistance 
(Alonso et al. 2007). Various techniques can be used to minimize the effect of rebar 
corrosion such as protective coatings, cathodic protection, and corrosion inhibitors. 
The use of corrosion inhibitors is probably more attractive from economics point of 
view and ease of application (Sastri 1998).  
 
2.10.1 Corrosion inhibitors  
Corrosion inhibitors are widely used to delay corrosion of reinforcing steel in 
concrete.  They are chemical substances added to cement which when properly used, 
are effective in retarding the corrosion of reinforcing steel in concrete (Gaidis and 
Rosenberg 1987, Hansson et al. 1998, and Justnes 2003). Corrosion inhibitor acts by 
forming an impervious film on the metal surface or by interfering with either the 
anodic or cathodic reactions, or both of them. Some inhibitors such as chromates and 
benzoates have been shown (Ormellese et al. 2008, Soylev et al. 2008) to reduce the 
corrosion rate of steel bar, however, but they also reduce the compressive strength of 
concrete. Corrosion inhibitors can be divided into three general groups: anodic, 
cathodic, and adsorption inhibitors (Gaidis 2004).  
 
Anodic inhibitors react with the ions of the corroding metals increasing the 
polarization of the anode and producing thin passive film or salt layers which coat 
the anode. Two types of anodic corrosion inhibitors are important for steel: oxidizing 
agents such as nitrates, nitrites, and chromates, and the other types which require 
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dissolved oxygen so as to be effective such as silicates, phosphates and borates 
(Justnes 2003, Dhouibi et al. 2000, Gaidis 2004).  
 
Cathodic inhibitors affect cathodic reactions. They react with the hydroxyl ions to 
precipitate insoluble compounds on the cathode site and prevent access of oxygen 
salts such as zinc, magnesium and calcium or form a layer of adsorbed hydrogen on 
the cathode surface such as arsenic, bismuth and some organic compounds (Gaidis 
2004).  
 
Adsorption inhibitors are adsorbed from the metal surface. These are long organic 
molecules with side chains which can limit the diffusion of oxygen to the surface, 
trap the metal ions on the surface, and reduce the rate of dissolution or stabilize the 
double layer (Gaidis 2004). 
 
2.10.1.1 Calcium nitrite as corrosion inhibitor 
The most common anodic inhibitor is calcium nitrite (CN) which has gained more 
attraction for rebar corrosion problems, because it does not have adverse effect on 
concrete properties and performance of structure due to its compatibility with 
concrete (Bernhard et al. 2004, Ormellese et al. 2006, Reou and Ann 2008).   
Several researchers have shown (Rosenberg and Gaidis 1979, Olga et al. 2005, Ann 
et al. 2006) that nitrite inhibitor is very effective in mitigating chloride-induced 
corrosion in concrete, shifting the free corrosion potential to more noble direction 
and reducing the corrosion rate as well as increasing the time to corrosion 
significantly. Among the available methods, the use of nitrites for example calcium 
nitrite (CN), as an admixture for new concrete can offer a simple and cost effective 
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method to stop or delay chloride-induced corrosion (Saricimen et al. 2002, Ngala et 
al. 2002, Berke and Hicks 2004, Civjan et al. 2005, Reou and Ann 2008).  
 
Nitrites are anodic inhibitors of corrosion and when added to reinforced concrete 
they are absorbed on the surface of steel acting as strong oxidizing passivators, 
enhancing the oxide layer and protecting the steel surface. They react with ferrous 
ions released from steel to form ferrous oxide ( 32OFe ) that is then converted to more 
stable ferric oxide ( FeOOH ) as shown by the following equations (Berke and 
Rosenberg 1989, Gaidis 2004): 
       22 222 NOOHFe    OHOFeNO 2322                              (2.23) 
                                                  Or 
         22 NOOHFe      FeOOHNO                                             (2.24) 
 
In the presence of chlorides the nitrite ions compete with the chlorides during the 
passivation process for the same ferrous ions. The risk of steel corrosion is 
determined by the chloride content, and usually evaluated as [ Cl ]/[OH  ] ratio 
(Galss and Buenfeld 1997, Thangavel and Rengaswarmy 1998, Li and Sagues 2002, 
Saremi and Mahallati 2002, Ann and Song 2007).  On the other hand, the efficiency 
of nitrite as the inhibiting agent in the presence of chloride is evaluated as [ 2NO ]/ 
[ Cl ] ratio (Hope and Ip 1989, Berke and Hicks 2004, Olga et al. 2005, Valcarece 
and Vazquez 2008, Valcarece and Vazquez 2009).   
It has also been suggested (Hope and Ip 1989) that the nitrite/chloride ratio in 
concrete pore solution to be in the range 0.07 to 0.09 as being critical for onset of 
corrosion. Experiments conducted by Olga et al. (2005) using saturated 2)(OHCa  
with pH =12.5 containing 0.1M NaCl and with 0.005-1.0M nitrite/chloride ratios, 
showed that 0.05M of CN led to the formation of a more compact and protective 
 47 
oxide layer. Different authors (Ngala et al. 2002, Page et al. 2000, Berke and Hicks 
2004, Soylev and Richardson 2008) have reported a range of 0.34 to 1.0 for the 
nitrite/chloride ratio necessary to prevent corrosion in concrete.  
 
Al-Moudi et al. (2003) reported that concrete with 2 and 4% CN inhibitor based on 
weight of cement did not show any corrosion initiation after 122 days when concrete 
was immersed in 0.8% Cl solution, or exposed to seawater. In another study with 
reinforced concrete (w/c ratio = 0.50) exposed to 3.5% NaCl wetting/drying cycles 
for 3 years, 2.5% CN was effective in delaying corrosion initiation (Ormellese et al. 
2006). However, in another study CN was only effective in delaying corrosion but 
not effective after the initiation of corrosion (Trepanier et al.  2001).  
Based on Reou and Ann (2008) results the reinforced concrete specimen (w/c = 0.45)  
admixed with 1% CN by weight of cement showed good inhibition compared to 
specimen without CN  when exposed to 3% NaCl solution for 6 hr under accelerated 
corrosion using applied electric charge of 60V. However, Ann and Buenfeld (2007) 
reported that CN has shown to inhibit effectively reinforced concrete from corrosion 
when immersed in 3% NaCl solution by adding from 1.2 to 3.75% of CN to cement 
weight and also the time taken for embedded steel to corrode was strongly affected 
by the dosage of CN and cement content. Al-Mehthel et al. (2009) applied 
wetting/drying cycles and impressed current techniques to expedite the corrosion 
propagation on concrete mixed with CN and contaminated with chlorides. They 
found that impressed current method can be utilized for quick screening of the 
efficiency of corrosion inhibitor in reinforced concrete contaminated with chloride 
ions and also concluded that CN increased the time to initiation of steel 
reinforcement corrosion and concrete cracking. 
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Some discussion of the possibility of aggravation of pitting corrosion due to 
admixture under-dosage has been raised. Evidence of increased pitting was found by 
Nagala et al. (2002) when using CN as remedial treatment for steel embedded in 
concrete subjected to chloride contamination. El-Jazairi and Berke (1990), however, 
argued this case for increased pitting due to insufficient amounts of nitrites in 
concrete being inconclusive which has not been observed in various extensive studies 
on the effect of nitrites on corrosion (Boqi et al. 1983, Elsener 2001, Vazquez and 
Valcarce 2008). The effect of small nitrite content was considered in this thesis by 
investigating the effect of high chloride to nitrite on the corrosion behaviour of steel 
immersed in alkaline solution and embedded in concrete.  
 
2.11 Concluding remarks 
A review on corrosion of metals in aqueous solutions and corrosion behaviour of 
mild steel in alkaline media contaminated with chloride was presented in this 
chapter. The following findings are concluded: 
 Corrosion of steel in concrete is a serious problem which has increased 
alarmingly in the past three decades. It leads to very high repair costs, 
sometimes above the initial construction cost, or in extreme situations, to the 
final collapse of the structure. 
 Mild steel has the ability to corrode in chloride solution even in the presence 
of alkaline environment.  
 The presence of chloride ions are the most important causes for reinforcing 
steel corrosion. They cause localized breakdown of the passive film that 
initially forms on steel as a result of the alkaline nature of the pore solution in 
concrete. After initiation of the corrosion process, the corrosion products (i.e. 
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rust) accumulate around  steel, involving a volume increase several times 
larger than that of the original iron which leads to internal stresses that result 
in cracking, splitting of  concrete cover and loss of the bond between rebar 
and concrete and thus reducing the serviceabity of  concrete structures.  
 The bond behaviour was influenced by the deterioration of the reinforcing bar 
ribs and loss of mechanical resistance of the reinforcing bar due to cracks 
resulting from corrosion. The previous researches focused on estimation of 
bond strength from amount of mass loss. 
 Several electrochemical techniques such as potentiodynamic polarization 
curves and LPR have been used for corrosion rate measurements in steel in 
aqueous solution and concrete media.  Potentiodynamic polarization curve 
can give more information about the corrosion system over a wide range of 
potential and also have ability to estimate instantaneous corrosion rates. 
 Surface condition has significant effect on the corrosion behaviour of steel in 
saline and alkaline solutions. Also surface condition of steel bar in concrete 
has affected bond strength between steel bar and concrete; at early stage of 
corroded steel the bond strength slightly increases and decreased rapidly with 
an increase in the corrosion level. 
 CN has shown to inhibit effectively chloride-induced corrosion of   mild steel 
immersed in alkaline solutions and embedded in concrete. The main 
advantage of use CN corrosion inhibitor in concrete is that it has no effect on 
concrete properties. 
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CHAPTER THREE 
 
CORROSION OF MILD STEEL AND 316L STAINLESS STEEL 
IN CHLORIDE SOLUTIONS 
 
3.1 Introduction  
This chapter describes the corrosion test method used during this work, and presents 
the relevant results and discussion with concluding remarks. The materials used for 
this investigation were mild steel grade 500 and 316L austenitic stainless steel with 
different surface conditions. Specimens were placed in sodium chloride (NaCl) 
aqueous solutions (saline) with different concentrations. The corrosion behaviour 
was investigated using potentiodynamic polarization tests and the results are 
expressed in the graphs of potential versus current density. Corrosion parameters 
such as corrosion potential, breakdown potential and corrosion rate were determined. 
After corrosion tests metallographic examinations were performed using light and 
scanning electron microscopes.  
 
3.2 Experimental method 
3.2.1 Sample preparation   
The chemical compositions of mild steel and 316L austenitic stainless steel used in 
this study are shown in Tables 3-1 and 3-2. 
Table 3-1: Chemical constituents of mild steel (wt %). 
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Table 3-2: Chemical composition of 316L stainless steel (wt %). 
 
 
Corrosion tests were performed on cylindrical specimens with 9.5mm diameter and 
12.8mm length with exposed area of 4cm², see Figure 3-1. Specimen surfaces 
roughness was generated by wet grinding using silicon carbide papers of 200 and 600 
grits and polished surface using 1μm diamond paste. The specimens were cleaned 
with distilled water, washed by acetone and dried properly before corrosion testing.  
 
3.2.2 Electrochemical measurements 
Electrochemical tests were carried out in saline solutions containing 1, 3 and 5% 
NaCl  using the standard 3-electrode corrosion cell containing the saturated calomel 
electrode (SCE) as reference electrode, counter electrode (graphite) and working 
electrode (the sample). All electrodes were immersed in a suitable glass vessel 
containing 600 ml of the saline electrolyte, see Figure 3-2. The anodic and cathodic 
polarization data were obtained after 1 hr of working electrode immersion at ambient 
temperature (23± 2°C) in the media. Subsequently, the  polarization curves for both 
mild steel and 316L stainless steel were scanned from potential values below and 
above the corrosion potentials of 250 mV corrE and 800 mV corrE , respectively, 
with a scan rate of 1mV/sec. The test set-up is shown in Figure 3-3. Corrosion rates 
were calculated for steel immersed in aqueous solutions using the following equation 
(Trethewey and Chamberlain 1995):                                                                                  
DA
WI
mpyCR Corr
13.0
)(                                                                                         (3.1) 
Element        C      Si      P     S     Mn    Ni    Cr Mo Fe  
Amount  0.03max 0.75max 0.045max 0.03max 2.00max 10-12 16-18 2-3 Balance  
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Where W = Atomic weight of steel (56 for iron), D is the density of steel in 3/ cmgm , 
A  is the exposed surface area in 2cm and CorrI  is the corrosion current density in 
μA/cm².  Corroded Specimens after corrosion testing were investigated at low and 
high magnifications using light and scanning electron microscopes. 
 
 
Figure 3-1:  Specimens used for the corrosion testing in this work. 
 
 
 
Figure 3-2: The standard ASTM G5 3-electrode cell, used for this work. 
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Figure 3-3: The corrosion testing equipment, set-up. 
 
3.3 Corrosion Test Results  
 
3.3.1 Electrochemical data analysis 
3.3.1.1 Mild steel-Potentiodynamic test results 
Figures 3-4 to 3-6 give the potentiodynamic polarization curves of mild steel with 
surface roughness of 200 and 600 grit papers as well as 1μm diamond paste polished 
surface tested in 1, 3 and 5% NaCl solutions. Figure 3-4 gives the corrosion 
behaviour for mild steel with different surface roughness in 1% NaCl saline solution 
(10 gram NaCl + 1 litre of distilled water). The corrosion behaviour was affected by 
the degree of surface roughness. Increase in surface roughness from 1μm diamond 
polishing  to 600 and 200 grit surface roughness shifted the corrosion potential to 
more active values as shown in Figures 3-4 and 3-7. Corrosion rate values were not 
expressing the same trend recorded for the corrosion potential. Specimen of diamond 
Corrosion 
cell 
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polished surface showed the highest corrosion rate as compared to the 600 and 200 
grit surface roughness specimens as shown in Figure 3-8. 
 
Figure 3-5 shows the corrosion behaviour of 1μm diamond polished, 600 and 200 
grit surface roughness mild steel specimens in 3% NaCl saline solution (30 gram 
NaCl + 1 liter of distilled water). Corrosion resistance was drastically reduced with 
increasing NaCl concentration to 3%. Figure 3-7 indicated that as the surface became 
rougher the corrosion potential moved to more active state. Corrosion rate 
measurements showed that increasing the surface roughness decreased corrosion 
resistance, see Figure 3-8.  
 
The effect of 5% NaCl on corrosion behaviour of 1μm diamond polished, 600 and 
200 grit surface roughness mild steel is illustrated in Figure 3-6. Further reduction in 
the corrosion resistance was observed with increasing NaCl up to 5%. Figure 3-7 
shows that as the surface became smoother the corrosion potential moved to more 
noble direction. The specimen with diamond polished surface had the highest 
corrosion rate as seen in Figure 3-8.   
The above results form the bases/fundamentals of the work carried out for the 
corrosion behaviour of reinforced concrete with mild steel in this work.  
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Figure 3- 4: Polarization curves of mild steel at different surface roughness in 1% 
NaCl saline solution. 
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Figure 3- 5: Polarization curves of mild steel at different surface roughness in 3% 
NaCl saline solution. 
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Figure 3- 6: Polarization curves of mild steel at different surface roughness in 5% 
NaCl saline solution. 
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Figure 3-7: Corrosion potential versus surface roughness in 1, 3 and 5% NaCl saline 
solutions. 
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Figure 3- 8:  Corrosion rate versus surface roughness in 1, 3 and 5% NaCl saline 
solutions. 
 
3.3.1.2 Stainless steel (316L)-Potentiodynamic test results 
Potentiodynamic polarization curves and the retrieved corrosion data for 316L 
stainless steel in 1, 3 and 5% NaCl saline solutions are shown in Figures 3-9 to 3-14.  
Polarization curves shown in Figures 3-9 to 3-11 indicated that the stainless steel had 
the tendency to undergo oxidation, passivation, followed by breakdown, i.e. a typical 
anodic polarization characteristic. Polarization curve of specimens with surface 
finish of 1µm diamond polish, 600 and 200 grit papers tested in 1% NaCl saline 
solution is shown in Figure 3-9. The passivity and hence the breakdown potential 
was affected by the surface roughness. Specimen with less roughness, i.e. 1µm 
diamond finish surface had the highest breakdown potential of +317 mV, followed 
by 600 and 200 grit surface roughness specimens. The passivity of rougher surfaces 
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of 200 and 600 grit failed at less noble potentials of +286 mV and +296 mV, 
respectively. This is a very interesting result which shows the effect of surface 
roughness on corrosion behaviour of austenitic 316L stainless steel.  
Figure 3-10 shows the corrosion behaviour of specimens tested in 3% NaCl saline 
solution. Polarization curves of the investigated specimens showed the conventional 
trend of the effect of chlorides and surface roughness. As the chloride concentration 
and the surface roughness increased the breakdown potential values decreased and 
the corrosion potential moved to more active direction (less noble). Similar trend was 
seen as chloride increased up to 5% NaCl saline solution as shown in Figure 3-11. 
Corrosion potentials, breakdown potentials and corrosion rates in 1, 3 and 5% NaCl 
saline solutions were recorded and displayed in Figures 3-12 to 3-14. Figure 3-12 
shows that the corrosion potential increased to more noble state as the surface 
roughness decreased. The chloride concentration had a significant effect and reduced 
the corrosion potential as the NaCl content increased from 1% to 5%.  Figures 3-13 
and 3-14 show the breakdown potential and the corrosion rate results of stainless 
steel specimens. Again, as expected, the breakdown potential was higher for the 1μm 
surface finish and the same for corrosion rate being lower for the 1μm polished 
surface, as compared to 600 and 200 grits.   
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Figure 3-9: Polarization curves for different surface roughness of 316L stainless steel 
in 1% NaCl saline solution. 
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Figure 3-10: Polarization curves for different surface roughness of 316L stainless 
steel in 3 % NaCl saline solution. 
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Figure 3-11: Polarization curves for different surface roughness of 316L stainless 
steel in 5 % NaCl saline solution. 
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Figure 3-12: Corrosion potential of 316L stainless steel with various surface 
roughness in 1, 3 and 5 %NaCl saline solutions. 
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Figure 3-13: Breakdown potential of 316L stainless steel with various surface 
roughness in 1, 3 and 5% NaCl saline solutions. 
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Figure 3-14: Corrosion rate of 316L stainless steel with various surface roughness in 
1, 3 and 5 % NaCl saline solutions. 
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3.3.2 Morphology results 
  
Corroded mild steel specimens were investigated at low and high magnifications for 
morphological studies. Examples of mild steel specimen corrosion morphology are 
shown in Figure 3-15 and Figure 3-15(a) shows the corrosion pits on diamond 
polished surface tested in 3% NaCl saline solution. This shows clearly the severity of 
the corrosion damage and confirms the reason for the highest corrosion rate recorded 
for this specimen. The 200 grit surface finish specimen tested in 3% NaCl saline 
solution clearly reveals cluster of less deep pitting corrosion, as indicated by the 
white arrows in Figure 3-15 (b). 
 
Corrosion morphology on 316L stainless steel specimens was investigated using the 
scanning electron microscope (SEM) as presented in Figure 3-16. Figure 3-16(a) 
shows severe open corrosion pit on the surface of 200 grit specimen. The pitting 
corrosion morphology transformed to another type called lacelike corrosion pits as 
the surface became smoother as can be seen in Figure 3-16(b). These types of 
corrosion pits are due to the beginning of the passive film collapse. Specimen of 
polished surface, Figure 3-16(c) showed high number of lacelike corrosion pit. 
Corrosion morphology indicates that the lacelike corrosion propagated most likely by 
the mechanism of diffusion till the final collapse where the pit became stable.  
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Figure 3-15: Optical photographs (50X) of corrosion pits on mild steel surfaces: (a) 
polished and (b) 200 grit in 3% NaCl saline solution. 
        
 
Figure 3-16: SEM images (500X): (a) 200; (b) 600 grit surface finish 316L stainless 
steel specimens and (c) diamond polished specimen, respectively. 
 
3.4 Discussion 
Mild steel initially showed some weak passivation range and due to the presence of 
chloride on the vicinity of the steel surface, the passivity was easily destroyed. At the 
end of each experiment mild steel samples showed localized corrosion and red rust 
was visually observed indicating corrosion attack and products of various kinds due 
to the presence of aggressive chloride ions which are powerful oxidizing agents and 
combine rapidly with the metal forming metal chloride. Polarization curves revealed 
weaker passivation when NaCl increased from 1 to 5%. This is due to the absorption 
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of water molecules and chloride ions on the steel surface causing breakdown of the 
oxide film. Corrosion mechanisms retrieved from these results are in agreement with 
the interpretation provided by others (Jeffery and Melches 2007, Kim et al. 2006). 
Increase in surface roughness of mild steel shifted the corrosion potential to more 
noble direction, but the corrosion current density decreased. This was attributed to a 
weak passive film which formed on the metal surface causing the early breakdown of 
passivity with more aggressive chloride ions. The interesting results obtained in this 
work was that mild steel with smooth polished surfaces showed the highest corrosion 
rate compared with 600 and 200 grit surface finished specimens. This can be 
attributed to the high rate of corrosion propagation after initiation.  
 
Pitting corrosion is controlled by the diffusion process and in this case once the 
pitting started it propagated in a fast rate due to the continuous diffusion process and 
the formation of acid media at the bottom of the pits. Corrosion resistance of 
stainless steel is attributed to the presence of chromium, forming its oxide film and 
protecting the steel from further corrosion in the passive region. However, the 
presence of certain ionic species such as chloride ions in the electrolyte can be very 
aggressive towards the corrosion resistance. In this study the potentiodynamic 
polarization curves in various chloride concentrations with different surface 
roughness clearly revealed that the corrosion potentials and breakdown potentials 
dropped from more noble values to less noble values as NaCl increased from 1 to 
5%. This is because chloride ions lower the activation energy required for corrosion 
reaction to occur. This interpretation is in agreement with the work reported by 
others (AL-Fozan and Umalik 1992, Abd-Elmaguid et al. 1998, Chuan and Tseng 
2004, Refaey et al. 2006). The presence of chloride did not stop the oxide film 
formation but reduced the passive region as seen in polarization curves in Figures 3-9 
 65 
to 3-11. There are other reasons for more aggressive behaviour reflected on reduction 
in passive region in saline solution which can be due to chloride ions with higher 
charge density and higher capacity to form soluble species. By entering into the 
lattice film the chloride introduces lattice defects which reduce the resistance of the 
oxide film to corrosion as seen from the corrosion rate values in Figure 3-14.   
 
The potentiodynamic polarization results in Figures 3-9 to 3-11 showed that the 
width of passive region is highly dependent on surface condition. When surface 
finish varied from smooth to rough surface, the passive film terminated at lower 
breakdown potential and the passive region became shorter due to the effect of 
surface topography which enhanced the presence of more aggressive corrosion inside 
such rough surfaces. Similar results on polished surfaces of 304L stainless steel 
confirmed better corrosion resistance than rough surface in chloride environment as 
reported elsewhere (Abreu et al. 2006, Badran et al. 2008).  The better performance 
of 316L stainless steel is attributed to the presence of molybdenum which may 
reduce the number of active sites by forming a more uniform passive film. Pitting 
potential is more sensitive to surface roughness changes and the relative large 
increase in pitting potential by several tenth mV from the roughest to smoothest 
surface, suggested that both the nucleation and propagation of metastable pits 
depends on the steel surface finish (Sasaki and Burstein 1996). Metastable pit has a 
greater probability of becoming stable when the surface is smoother. This implies 
that for the metastable pit or pits to grow on smoother surface it is more difficult than 
on rougher surface and the presence of chloride ions in solution result in the 
destruction of the passive film as observed elsewhere (Hong and Nagumo 1997, Cruz 
et al. 1998). The mechanism of pit growth is autocatalytic by anodic dissolution of 
the steel which leads to introduction of passive metal ions in solution that cause 
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migration of chloride ions. In turn, metal chloride reacts with water and causes the 
pH to decrease where the cathodic reaction is on the surface near the pit mouth. The 
results in this study confirmed that on smooth surface the pits survived more due to 
the formation of lace cover on the pit mouth maintaining the diffusion process. The 
corrosion morphology for the diamond surface finish showed pitting corrosion with 
lacelike pits as seen in Figure 3-16. 
 
 
3.5 Conclusions 
 
 Corrosion rate measurements of mild steel specimens showed contradictory 
results with the conventional trend suggesting corrosion reduction as surface 
roughness decrease. The specimen with diamond polished surface had the 
highest corrosion rate compared with 600 and 200 grit surface finished 
specimens when tested in 1, 3 and 5% NaCl saline solutions.  
 Increased surface roughness of the 316L austenitic stainless steel specimens 
reduced the corrosion resistance in 1, 3 and 5% NaCl solutions.  
 Corrosion morphology of mild steel and stainless steel was dependent on the 
surface condition. Small surface pits formed on the rough surface and large 
open pits on the polished surface of mild steel specimens. Corrosions pits 
transformed from open surface pits on rough surface to lacelike deep 
corrosion pits on smooth stainless steel surface.  
 
This chapter demonstrated the importance of surface roughness of mild and 316L 
stainless steels on their corrosion resistance when subjected to saline solutions of 
different NaCl strengths. The next chapter will show the corrosion behaviour of mild 
steel with different surface condition when immersed in alkaline solutions of 
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different NaCl concentrations intended to simulate concrete pore solutions 
contaminated with chlorides.  
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CHAPTER FOUR 
CORROSION OF MILD STEEL IN ALKALINE SOLUTIONS IN 
THE PRESENCE OF CHLORIDES AND NITRITES  
 
4.1 Introduction 
This chapter aims to investigate and establish the corrosion resistance and response 
of polished surface finish and as-received mild steel in alkaline solutions containing 
1, 3 and 5% NaCl at different exposure times. Other objectives were to study the 
effect of different concentration of calcium nitrite (CN) as corrosion inhibitor on 
polished and as-received specimens immersed in 3% NaCl alkaline solution under 
different exposure times. The potentiodynamic polarization technique was adopted to 
evaluate the steel corrosion characteristics such as corrosion potential, breakdown 
potential and corrosion rate for all tested solutions. Microscopic analysis confirmed 
presence of localized corrosion in the form of pitting.  
 
4.2 Experimental procedure 
 
4.2.1 Electrolyte composition  
 
The experiments were carried out using aerated saturated 2)(OHCa  solution with a 
pH of 12.5 to simulate the concrete pore solution (alkaline solution). Saturated 
2)(OHCa solution was prepared by dissolving 2g of 2)(OHCa  in one liter of distilled 
water. Sodium chloride (NaCl) was added to alkaline solution to simulate a concrete 
contaminated with chloride ions. Various contents of 1, 3, and 5% NaCl were added. 
The inhibitor tested in 3% NaCl alkaline solution was CN as 30 wt% solution in 
water and its concentration ( inC = [
2NO ]) was related to the chloride concentration 
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( clC =
Cl[ ]) by means of the concentration ratio
cl
in
C
C
R  . The value of R varied 
between 0 and 1. The pH of CN containing solution was 12.2. This value was 
unaffected by the value of the concentration of inhibitor. The compositions and 
procedure for producing the solutions media are given in Table 4-1. 
 
Table 4-1: Composition of media used for corrosion tests. 
 
 
4.2.2 Specimen preparation 
Samples were prepared from steel reinforcement bar with the chemical composition 
given in chapter 3 (Table 3-1). Specimens were exposed to two different surfaces 
topography.  The top end of each specimen was drilled and taped in order to ensure 
electrical connection to the corrosion test set-up. The surface finish of the first 
specimen was kept in the as-received condition with length of 10.5mm, see Figure  
4-1a. The other specimen was machined to a uniform diameter of 9.5mm with a 
length of 12.8mm, see Figure 4-1b. The degree of surface finish in machined 
specimen was obtained by grinding on various grades of emery paper from 200 grit 
down to 1μm diamond paste. Specimens before exposure to the corrosive media were 
rinsed with acetone and dried using hot air.  
 
 
 
 
Solution A 600ml saturated calcium hydroxide solution ( 0% NaCl)- control  
Solution B 10 g NaCl in 1 litter saturated 2)(OHCa  to give 1% NaCl alkaline solution 
Solution C 30g NaCl in 1 litter  saturated 2)(OHCa  to give  3% NaCl alkaline solution  
Solution D 50.1 g NaCl in 11iter  saturated 2)(OHCa to give 5% NaCl  alkaline solution 
Solution E 600ml of 3% NaCl alkaline solution with 1.32ml of CN to give concentration  ratio (R) of 0.025 
Solution F 600ml of 3% NaCl alkaline solution with 13.2ml  of CN to give concentration ratio (R) of 0.25 
Solution G 600ml of 3% NaCl alkaline solution with 26ml of CN to give concentration  ratio (R) of 0.50 
Solution H 600ml of 3% NaCl alkaline solution with 53.4ml  of CN to give concentration  ratio (R) of 1.0 
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4.2.3 Electrochemical corrosion test 
 
Specimens for corrosion test were placed in standard 3-electrode cell containing 
600ml media, which was maintained at ambient temperature 23±2°C. 
Electrochemical corrosion measurements were performed using three standard 
electrodes, i.e. counter, reference, and working electrodes as described in chapter 3 
(Figure 3-2).  
The polarization curves were recorded at potentials starting from 200mV below 
corrosion potential to 800mV above the corrosion potential with scan rate of 1 mV/s 
at fixed duration of 1hr. The polarization curve was obtained by the relationship 
between corrosion potential and corrosion current density. Corrosion rate was 
calculated, for steel immersed in tested solutions using equation 3.1 which was 
covered in chapter 3.   
At the end of each corrosion test, the specimens were removed from the solution and 
rinsed with distilled water to remove the corrosion product, washed by acetone and 
dried in hot air. Specimens were then taken for metallographic investigation using 
light and scanning electron microscopes.  
  
Figure 4-1: Photographs of specimens used in this work for corrosion test: (a) As- 
received and (b) polished. 
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4.3 Potentiodynamic polarization test results: Effect of chloride 
4.3.1 Polarization curves in saturated 2)(OHCa  solution without chloride 
Figure 4-2 shows the polarization curves of the steel bar at two different surface 
conditions, polished and as-received. The tests were conducted in blank solution of 
saturated 2)(OHCa  solution free from chloride (control) after 28 days of specimens 
immersion.  
Figure 4-2 illustrates that the polished surface is more active and needs higher 
current to repassivate compared to the as-received surface specimen. This can be 
attributed to the preliminary presence of iron oxide layer on the as-received surface 
giving an early protection as can be seen from the red curve in Figure 4-2. The 
polished surface, blue curve, takes longer to repassivate but after passivation the 
surface shows good straight passivity line. This stable passive region is formed by 
the formation of corrosion oxide layer which resulted in passivation. 
The polarization curves in Figure 4.2 show similar results for the breakdown 
potential for the polished surface ~ 658 mV and for the as-received surface ~ 653 
mV. The corrosion potentials are also similar for the polished surface -228 mV and 
the as-received surface -236 mV.  
The results obtained show similar polarization curves for both polished and as-
received specimens. As the potential increases the specimens reach a stable passive 
current density of 1.5μA/cm² and 0.42μA/cm² for the polished and as-received 
specimens, respectively. Further increase in potential up to 600mV caused no further 
increase in current density for each specimen. This suggests that the protective oxide 
layer resists breakdown equally well for both specimens at this high polarization. 
However, at potentials higher than 650mV the trans-passive region appears for both 
specimens, indicating the breakdown in oxide layer.  
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Figure 4-2: Polarization curves for both polished and as-received mild steel in 
saturated 2)(OHCa solution. 
 
 
4.3.2 Polished mild steel potentiodynamic test results  
Figures 4-3 to 4-5 show the polarization curves registered after 1hr, 15 days and 28 
days while immersion in saturated 2)(OHCa  containing various chloride 
concentrations of 1, 3 and 5% NaCl, respectively. The polarization curves show a 
passive zone, where the passive current density increased with increasing the 
chloride concentration and a passivity breakdown potential or pitting potential above 
which current density increases and pits observed on the metallic surface. The 
dependence of pitting on polarization and chloride ions ingress into the oxide layer 
during the oxidation reaction is very clear.  The higher the chloride concentration, the 
lower breakdown potential. Also the corrosion potential shifted to lower values with 
chloride concentration increased from 1 to 5% NaCl. 
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Figure 4-3 shows the polarization curves for the electrochemical corrosion behaviour 
of the specimen surface polished with 1μm diamond paste for three different 
immersion durations (1hr, 15 days and 28 days) in saturated 2)(OHCa mixed with 1% 
NaCl. Measurements after 1 hr of exposure in this environment showed the corrosion 
potential at -373mV and corrosion current density of 5.2μA/cm². The corrosion 
potential decreased to more active potential and the corrosion current density 
increased as the exposure time increased to 15 days and 28 days. After 15 days 
exposure  corrosion potential and corrosion current density values were -477mV and 
6.9μA/cm², respectively. After 28 days exposure the corrosion potential and 
corrosion current density were -492 and 8.3μA/cm², respectively. The difference in 
the corrosion potential between 1 hr exposure time and 15 days exposure time is 
about 100mV. High reduction to (more –ve direction) in the corrosion potential was 
noticed after 28 days exposure time where the corrosion potential was reduced to  
-492mV.  
 
The effect of increasing the chloride concentrations was also investigated.  Steel 
samples were exposed to 3 and 5% NaCl solutions and the corrosion measurements 
were taken after 1 hr, 15 days and 28 days.  Figure 4-4 shows the results for 3% 
NaCl solution, with the steel sample having a corrosion potential after 1 hr exposure 
of -461mV, which reduced to -507mV after 15 days and to -537mV after 28 days. 
The most noticeable change at high chloride concentration is the passive region and 
the corrosion current density along this passive zone. The corrosion current density is 
higher in values than that recorded for saturated 2)(OHCa  solutions containing 1% 
NaCl.  
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Figure 4-5 shows the results for the 5% NaCl solution. The sample had a corrosion 
potential after 1 hr exposure of -514mV, which reduced to -529mv after 15 days and 
to -635mV after 28 days. Further increase in corrosion current density values 
compared with 1 and 3% NaCl was also observed for all exposure times.  For the 5% 
NaCl solution, the corrosion resistance became less and the corrosion potential 
shifted to more active (more –ve) values. The three different exposure times for 5% 
NaCl showed more active corrosion behaviour than the less chloride concentrations 
of 1 and 3% NaCl solutions. The long exposure time of 28 days in all solutions 
shows increase in passive region (width) as compared with less exposure periods. 
This was attributed to temporary formation of a thick oxide film on the metal surface 
during this long exposure time.  
 
The role of chloride concentration with 1, 3 and 5% NaCl in affecting the corrosion 
behaviour of mild steel was investigated at three different exposure times in order to 
verify the role of chloride influencing the passivity of the steel. The experimental 
results via potentiodynamic polarization tests shown in Figures 4-6 to 4-8. The 
polarization curves of specimen after 1 hr of immersion is shown in Figure 4.6, from 
which it can be seen that the chloride concentration is highly damaging and causing 
less passivation region.  It become clear that the  corrosion potential and breakdown 
potential as well as the passive region and the corrosion current densities values were 
highly affected by increase in concentration of  chloride in saturated 2)(OHCa  
solution.  
Similar trends can be seen for specimens exposed for 15 and 28 days to the given 
concentrations, see Figures 4-7 and 4-8. However, as the chloride concentration 
increased breakdown potential and corrosion potentials decreased. This is attributed 
to the formation of pits on specimen surface which leads to breakdown of the passive 
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film as a result of the presence of chloride ions reacting more aggressively with the 
exposed surface. The effect of chloride on corrosion properties such as corrosion 
potential, breakdown potential and corrosion rate at different exposure times can be 
seen in Figures 4-9 to 4-11.  
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Figure 4-3: Polarization curves for polished mild steel in saturated 2)(OHCa  
containing 1% NaCl. 
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Figure 4-4: Polarization curves for polished mild steel in saturated 2)(OHCa  
containing 3% NaCl. 
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Figure 4-5: Polarization curves of polished mild steel in saturated 2)(OHCa  
containing 5% NaCl. 
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Figure 4- 6: Polarization curves for polished mild steel in saturated  2)(OHCa  with 
different chloride concentrations after 1 hr immersion. 
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Figure 4-7: Polarization curves for polished mild steel in saturated 2)(OHCa  with 
different chloride concentrations after 15 days immersion. 
 78 
-1000
-800
-600
-400
-200
0
200
400
-2 -1 0 1 2 3 4 5
Log current density ( μA/cm²)  
C
o
rr
o
s
io
n
 p
o
te
n
ti
a
l 
(m
V
) 
v
s
 S
C
E
1% NaCl 3% NaCl 5% NaCl 
 
Figure 4-8: Polarization curves for polished mild steel in saturated  2)(OHCa  with 
different chloride concentrations after 28 days immersion. 
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Figure 4-9: Corrosion potential versus chloride concentration at various immersion 
times. 
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Figure 4-10: Breakdown potential versus chloride concentration at various 
immersion times. 
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Figure 4-11: Corrosion rate versus chloride concentration at various immersion 
times. 
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4.3.3 As-received mild steel potentiodynamic test results   
The polarization curves as a function of % NaCl content for the as-received 
reinforcing bar after 1 hr, 15 days and 28 days are shown in Figures 4-12 to 4-17. 
The experimental procedure was the same as that for the polished steel specimens.   
Figure 4-12 gives polarization curves for specimen tested in saturated 2)(OHCa  
containing 1% NaCl for 1 hr. It can be clearly seen that the corrosion potential is 
high after this period of exposure. As the exposure time extended to 15 days, 
corrosion current density increased and hence corrosion resistance became less and 
corrosion potential decreased to more cathodic (less –ve) direction. A large reduction 
in  corrosion potential with further increase in current density were noticed after 28 
days exposure time which can be attributed to the effect of chloride concentration 
since chloride ions are very aggressive and form metal chloride which decrease the 
level of oxide formation and increase the risk of breakdown. An interesting result is 
the passive region width obtained via the polarization curves showing that after 1 hr 
exposure the passive region is less than the passivity after 15 days. This can be 
explained due to the fact that during the first hour of immersion there is some 
porosity in the oxide layer formed by the corrosion product film and hence this film 
became less porous when the exposure time extended to 15 days. The reverse process 
took place after 28 days of exposure due to the high activity of chloride and 
breakdown of the corrosion product layer.  
Figures 4-13 and 4-14 show similar trend concerning the reduction in corrosion 
potential as chloride concentration increased to 3 and 5% NaCl for different exposure 
times.  Figure 4-13 indicated that at 3% NaCl the corrosion potential for immersion 
times of 1 hr and 15 days are close. This slight difference in corrosion potential is 
due to the aggressive nature of the solution with addition of 3% NaCl. Long exposure 
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time up to 28 days had a significant effect on the corrosion resistance and reduced 
the corrosion potential to more active (less –ve) values and increased the current 
density with lower breakdown potential.  
Figure 4-14 shows that as the chloride concentration increased to 5% NaCl, the 
corrosion behaviour after 1 hr and 15 days have small difference in corrosion 
potential with similar passive regions. This is indicating that the high concentration 
of chloride has the ability to form corrosion product layer even after a short time of 
exposure up to 15 days. As  the exposure time became longer (after 28 days), the 
corrosion resistance decreased due to the activity of chloride ions in breaking the 
corrosion product layer that protected the surface temporarily and the corrosion 
process resumed. Even though some stability in the passive region was noticed, when 
specimen exposed for 28 days, the corrosion resistance was the lowest compared 
with specimens with less exposure time.   
In Figures 4-15 to 4-17 the polarization/dissolution curves are plotted at constant 
exposure times with different NaCl concentrations. The results show that corrosion 
potential and passive regions are affected by chloride content and exposure time. 
Figure 4-15 shows the polarization curves for the as-received sample in different 
NaCl concentrations after 1 hr of exposure. The results indicated that corrosion 
potential became more active (less –ve) and corrosion current density increased as 
the NaCl concentration increased from 1 to 3 and then to 5%.  
As the exposure time extended to 15 days, Figure 4-16, corrosion potential and 
passive region became similar for specimens tested in 1 and 3% NaCl solutions.  
Small reduction in passive region was noticed when specimen tested in 5% NaCl.   
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Figure 4-17 shows corrosion resistance of the samples behaved differently when the 
exposure time increased to 28 days. Reduction in corrosion potential for all 
specimens with some stability in the passive region was recorded. Moreover, short 
width of the passive area for this exposure time was evident.  
A summary of corrosion behaviour and corrosion data collected from the polarization 
curves, e.g. corrosion potential, breakdown potential and corrosion rate against 
chloride concentration are plotted in Figures 4-18 to 4-20.  
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Figure 4-12: Polarization curves for as-received mild steel in saturated 2)(OHCa  
containing 1% NaCl at various exposure times. 
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Figure 4-13: Polarization curves for as-received mild steel in saturated 2)(OHCa  
containing 3% NaCl at various exposure times. 
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Figure 4-14: Polarization curves for as-received mild steel in saturated 2)(OHCa  
containing 5% NaCl at various exposure times. 
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Figure 4-15: Polarization curves of as-received mild steel in saturated 2)(OHCa  with 
different NaCl concentrations after 1 hr immersion. 
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Figure 4-16: Polarization curves of as-received mild steel in saturated 2)(OHCa  with 
different NaCl concentrations after 15 days immersion. 
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Figure 4-17: Polarization curves of as-received mild steel in saturated 2)(OHCa   
with different NaCl concentrations after 28 days immersion. 
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Figure 4-18: Corrosion potential versus NaCl concentration at various immersion 
times. 
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Figure 4-19: Breakdown potential versus NaCl concentration at various immersion 
times.    
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Figure 4-20: Corrosion rate versus NaCl concentration at various immersion times. 
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4.4 Potentiodynamic test results: Effect of chloride and nitrites 
4.4.1 Polished mild steel potentiodynamic test results 
Figure 4-21 shows the results of the potentiodynamic polarization of mild steel 
specimens at different concentration of CN after 1 hr exposure. The results indicate 
that the presence of low nitrite to chloride concentration (R= 0.025) exhibited more 
active corrosion behaviour where the corrosion rate is highest compared with the 
other concentrations.  
For higher concentrations of CN, the corrosion resistance improved by shifting the 
corrosion potential to more noble values and the corrosion current density decreased. 
Corrosion rate values at inhibitor concentration ratio of 0.25, 0.5, and 0.1 were 
calculated as 0.4, 0.19, and 0.16mpy, respectively.  
The effect of extending the exposure time up to 28 days on mild steel specimens is 
shown in Figure 4-22. The results suggest that low inhibitor concentration ratio (R= 
0.025) exhibited less corrosion resistance compared with specimens exposed to blank 
environment. This may be attributed to anodic/cathodic ratio became high at the steel 
surface. Another reason for this behaviour is chloride ions interfering with formation 
of the oxide film on steel surface. Higher nitrite concentrations resulted in 
improvement in the corrosion resistance, and hence the corrosion rate reduced from 
2.24 to 0.4mpy as concentration ratio increased from 0.025 up to1.0.  
Figure 4-23 shows the corrosion potential versus CN concentration for specimens 
with different immersion time. The corrosion potential increased to more noble 
values as the nitrite concentration increased, except for the ratio of 0.025 which was 
insufficient for inhibition. The CN addition decreased the corrosion rate as can be 
seen clearly in Figure 4-24. 
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Figure 4-21: Polarization curves for the polished mild steel in saturated  2)(OHCa  
with 3% NaCl, with and without different concentrations of CN after immersion for 
1 hr. 
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Figure 4-22: Polarization curves for the polished mild steel in saturated 2)(OHCa  
with 3% NaCl, with and without different concentrations of CN after immersion for 
28 days. 
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Figure 4-23: Corrosion potential versus nitrite/chloride concentration ratio (R) for the 
polished mild steel at 1 hr and 28 days of immersion times. 
1.25
1.5
0.4
0.19 0.16
1.9
2.24
1.46
0.96
0.4
0
1
2
3
0 0.025 0.25 0.5 1
 Nitrite/chloride concentration ratio
C
o
rr
o
s
io
n
 r
a
te
 (
m
p
y
 )
1 hr 28 days
 
Figure 4-24: Corrosion rate versus nitrite/chloride concentration ratio (R) for the 
polished mild steel at 1 hr and 28 days of immersion times. 
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4.4.2 As-received mild steel potentiodynamic test results 
Figures 4-25 and 4-26 show the results of the potentiodynamic polarization with 
different concentration of CN after exposure time of 1 hr and 28 days, respectively. 
The results reveal that inhibitor addition improved corrosion resistance and reduced 
the corrosion rate. The corrosion potential shifted to a more noble value as the nitrite 
concentration increased as shown in Figure 4-27. The corrosion rate of mild steel 
tested in blank solution was about 5.3mpy and improved by addition of nitrite even at 
low concentration of nitrite (R= 0.025) causing decrease in corrosion rate to 3.6mpy. 
This trend in reduction of the corrosion rate was noticed consistently as the nitrite 
concentration increased up to R= 1 where the corrosion rate was 0.14mpy as can be 
seen from Figure 4-28.  
The efficiency of the CN reduced slightly as the exposure time was extended to 28 
days. This is noticed by the corrosion potentials and rates of the mild steel specimens 
after 28 days of exposure compared with 1 hr (see Figures 4-27 and 4-28). A 
compassion showing the effect of the exposure time on corrosion potential and the 
corrosion rate can be seen in Figures 4-27 and 4-28, respectively.  
Increasing nitrite concentration improved the effectiveness to polarize the metal 
further anodically and shifted the corrosion potential to more noble values which is 
attributed to the formation of a much more protective passive film on steel surface.  
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Figure 4-25: Polarization curves for the as-received mild steel in saturated 2)(OHCa  
with 3% NaCl, with and without different concentrations of CN after immersion for 
1 hr. 
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Figure 4-26: Polarization curves for the as-received mild steel in saturated 2)(OHCa  
with 3% NaCl, with and without different concentrations of CN after immersion for 
28 days. 
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Figure 4-27: Corrosion potential versus nitrite/chloride concentration ratio (R) for the 
as-received mild steel at 1hr and 28 days of immersion times. 
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Figure 4-28: Corrosion rate versus nitrite/chloride concentration ratio (R) for the as-
received mild steel at 1 hr and 28 days of immersion times. 
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4.5 Morphology results  
Corroded specimens were investigated at low and high magnifications for 
morphological studies. Examples of specimen corrosion morphology are shown in 
Figures 4-29 and 4-30. 
 Figure 4-29 shows the morphology of the specimen tested in alkaline solution with 
3% NaCl with and without low and high content of CN after 28 days of exposure 
using low magnification light microscopy. This observation revealed the presence of 
group of surface pits on mild steel surface in alkaline solution with chloride (see 
Figure 4-29a) and also with low CN (R = 0.025) showing large corrosion pits (see 
Figure 4.29b). As the concentration of the CN increased (R = 1), the number of 
pitting corrosion in small size became visible (see Figure 4-29c).  
The results of the scanning electron microscopy (SEM) are shown in Figure 4-30. 
SEM images indicate that the corrosion morphology was affected by concentration 
CN. Severe corrosion with open pits on the mild steel surface in alkaline solution and 
3% NaCl can be seen in Figure 4-30a. The pitting corrosion morphology transformed 
to severe corrosion pits in groove type on the mild steel surface in low CN 
concentration (R = 0.025) as shown in Figure 4-30b. The corrosion morphology 
became in narrow deep pit on surfaces tested in solution containing CN with R= 1.0 
as can be seen in Figure 4.30c. 
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Figure 4-29 : Corrosion morphology (X 50) of mild steel specimens: (a) Alkaline 
solution +3% NaCl for 28 days; (b) Alkaline solution + 3% NaCl + nitrite/chloride 
ratio of  0.025 for 28 days and (c) Alkaline solution + 3% NaCl +  nitrite/chloride 
ratio of 1.0 for 28 days. 
                                  
Figure 4-30: SEM images (X 400) of mild steel in solution with inhibitor: (a) 
alkaline solution + 3% NaCl for 28 days; (b) Alkaline solution + 3% NaCl + 
nitrite/chloride ratio of 0.025 for 28 days and (c) Alkaline solution + 3% NaCl + 
nitrite/chloride ratio of 1.0 for 28 days. 
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4.6 Discussion 
  
Chloride ions are the driving force behind corrosion of steel in reinforced concrete 
and they can cause passivity breakdown that may be interpreted as a balance between 
processes competing on the metal surface, i.e. stabilization of the passive film by OH 
adsorption and disruption of the film by chloride ion adsorption. When the effect of 
chloride ion adsorption overcomes that of hydroxyls, pitting corrosion occurs 
(Saremi and Mahallati 2002, Poursaee and Hansson 2007, Abd El Aal et al. 2009). 
Inside the pit, the reversible formation of FeOH adsorbed on the metal is the first 
stage of repassivation process followed by the oxidation of this layer to produce a 
thicker oxide film (passivating film) according to the following reactions in 
sequence:  
FeOHOHFe                                                                                                 (4.1) 
eFeOHFeOH                                                                                               (4.2) 
eOHFeOHFeOH  2)(                                                                               (4.3) 
eOHFeOOHOHOHFe  22)(                                                                 (4.4) 
In the presence of chloride ions, FeOOH coverage decreases resulting in an 
increase in the anodic dissolution of the metal, when the following reactions occur:  
eFeClClFe                                                                                                (4.5) 
eFeClFeCl                                                                                                    (4.6) 
 
The beneficial effect of alkalinity on chloride induced localized corrosion of the mild 
steel is accounted for by the pitting mechanism in which the maintenance of a local 
acidification on the metal solution interface is required as the necessary condition for 
pitting initiation and propagation. The local acidification is caused by the hydrolysis 
of metal inside microcracks already existing in the passive film (Ramirez et al. 
1990). For each metal and alloy, a critical acidification is necessary to render the 
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passivation unlikely and sustain pit activity. The presence of high concentration of 
hydroxide ions in the solution hinder the formation of localized acidification, 
producing inhibition of pitting process (Glass and Buenfeld 1997, Thangavel and 
Rengaswarmy 1998).  
The polarization curves results in the passive condition (no chloride) showed that the 
as-received specimens had less corrosion rate compared with polished specimens. 
This can be explained by the preliminary presence of iron oxide layer on the as-
received surface giving an early protection as can be seen in Figure 4-2. 
 
In the chloride containing solution the corrosion current density values attained after 
long exposure times were at least several orders of magnitude higher than those 
measured in the passive state. Such increase signals the passivity rupture, and is an 
indication of visible pits. The rise in current density is due to the corrosion 
propagation and increase in the number of active pits on the electrode surface and the 
increase in total anodic area. The current density values depend on the corroding 
agents and steel surface condition. Figures 4-11 and 4-20 showed the corrosion rate 
of polished and as-received steel surfaces in all tested chloride  solutions and that 
corrosion potential showed decreasing trend during the exposure time of both 
polished and as-received steel in all chloride solution as seen in Figures 4-3 to 4-5 
and Figures 4-12 to 4-14.  
Figures 4-3 to 4-5 gave the corrosion potential as a function of corrosion current 
density for the polished mild steel with 1, 3, and  5% NaCl at different exposure 
times of 1 hr, 15 days and 28 days. There were clear differences in corrosion 
properties between passive state (without chloride) and with different chloride 
concentration along with exposure time. In the passive state (control solution), the 
polished steel had low corrosion current and noble corrosion potential and when less 
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chloride ions were present, the corrosion potentials shifted to more active values and 
the corrosion rate increased. The trends in increasing the chloride content was 
reduction in corrosion resistance in all tested solutions (see Figures 4-9 and 4-11).  
In the case of as-received mild steel, the difference between passive and active states 
was also noticeable. The corrosion characteristics were presented in Figures 4-15 to 
4-17. The role of chloride was explored in various chloride solutions through 
different immersion times. The corrosion parameters such as corrosion potential, 
breakdown potential and corrosion rate were significantly affected by chloride and 
exposure time in all tested solutions. The highest corrosion current densities and 
lowest corrosion and breakdown potentials were recorded at long exposure time of 
28 days in all tested solutions containing chloride.  
 
In general, the control solution (no chloride) for the as-received specimen had better 
corrosion resistance than polished specimen.  However, the presence of chloride ions 
caused a reduction in corrosion resistance and this was more pronounced as exposure 
time extended in both surface conditions where polished specimens showed low 
corrosion rate values than as-received specimens at all exposure times in all tested 
chloride solutions. 
Corrosion potential appears to be correlated with corrosion current density with a 
roughly linear relationship. The breakdown potential was significantly higher for the 
polished mild steel than for the as-received. This was attributed to the effect of 
surface roughness with a substantial decrease in breakdown potential as the surface 
became rougher. Corrosion potential was also affected with varying test solutions.   
CN inhibitors are applied increasingly to address this problem since nitrites act as 
anodic inhibitors in the corrosion process that oxidizes 2Fe to 3Fe  which 
precipitates in alkaline solutions as protective 32OFe  film. Several studies 
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(Monticelli et al. 2002, Valcarece and Vazquez 2008, Abd El Haleem et al. 2010) 
have been performed on artificial surface conditions using different corrosion 
techniques to verify the corrosion characteristics. In this study the potentiodynamic 
polarization technique was applied to investigate the corrosion behaviour of two 
different surfaces (diamond polished and as-received) in two different exposure 
times. As seen in this work, the corrosion resistance of the steel bar inside the 
concrete is affected by the surface condition of the steel bar, exposure time to 
electrolyte and the nitrite concentration.  
For polished specimen the presence of a low concentration of  CN (R = 0.025) 
shifted the corrosion potential to more active direction and increased the corrosion 
current density, therefore the corrosion rate increased as compared with the blank 
solutions (without CN). This type of behaviour was more pronounced for the mild 
steel samples exposed for 28 days (see Figure 4-22). These results indicated that low 
concentration of CN caused insufficient protection in the presence of chloride ions 
where the area of anodic/cathodic ratio was high which encourages localized 
corrosion and accelerated pitting corrosion.  
 
Figure 4-29 showed the morphology results for specimen tested in chloride solution 
with and without low and high content of CN in alkaline solution with 3% NaCl after 
28 days of exposure using low magnification light microscope. Figure 4-29a  showed  
a group of pits on steel surface tested in 3% NaCl solution which transformed to 
large corrosion pits with low CN concentration (R= 0.025). Figure 4-29b proved the 
severity of the corrosion damage that justifies the reason for the highest corrosion 
rate recorded for this specimen. This result is in good agreement with other 
observations (El-Jazairi and Berke 1990, Olga et al. 2005). The trend for more noble 
potential values and less corrosion rates were noted as CN concentration increased 
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up to R=1 for both exposure times.  Exposure of mild steel for R=1 over 28 days 
showed number of localized corrosion in the form of pits as seen in Figures 4-29c.   
The corrosion resistance of as-received mild steel specimen was improved even at 
low CN concentration ratio (R=0.025) compared with the same sample tested in 
blank solution containing chloride only. The as-received surface had a self iron oxide 
layer which supported the CN efficiency even at low concentration. As the 
concentration of CN increased the corrosion resistance improved by shifting the 
polarization curves to lower current density and enhancement of the passivity. 
 
The corrosion rate increased with extended exposure time, i.e. the recorded corrosion 
rate values at 1 hr of exposure was less than the recorded values at 28 days of 
exposure for both steel surface conditions tested in all solutions. The corrosion rate 
difference between the two exposures of 1 hr and 28 days for mild steel specimens 
decreased as the concentration of inhibitor increased  and became very low  at R=1 
(Figures 4-24 and 4-28). The CN efficiency for both surfaces decreased as the 
exposure time extended to 28 days. The reduction of CN efficiency after 28 days can 
be attributed to the change in the chemistry of the CN and reduction in pH was also 
the likely cause.  
 
4.7 Conclusions  
 Anodic polarization proved to be a powerful technique for the prediction of 
the mild steel corrosion behaviour in simulated concrete environment in the 
presence of chloride and CN.  
 A passive layer was formed on the metal surface in the alkaline 
environments, while   presence of chloride ions reduced the thickness of the 
oxide layer and lead to active pitting corrosion.  
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  Corrosion and breakdown potentials were affected by the chloride content 
and exposure time. As chloride content increased corrosion and breakdown 
potentials decreased.  
 Surface roughness had a significant influence on the corrosion behaviour of 
mild steel in alkaline solutions containing chloride ions where corrosion and 
breakdown potentials were found to be lower in as-received specimens than 
polished mild steel.  
 Surface condition played a major role in the corrosion process: Polished 
surfaces showed high corrosion rates at the beginning in alkaline solution 
containing chloride and at low nitrite/chloride ratio of 0.025 for which the 
resistance to corrosion was less pronounced. 
 The corrosion rate was higher for the as-received mild steel than for the 
polished for the same tested conditions in alkaline solutions containing 
chloride and nitrite. This was attributed to the effect of the surface roughness.  
 The corrosion rate difference between 1 hr and 28 days of exposure for mild 
steel specimens decreased as the concentration of inhibitor  increased from 
R= 0.025 up to R= 1.0. 
 Morphology investigation showed localized pits; even when the inhibitor 
concentration was equal the chloride concentration. This meant that the 
inhibition effect of CN will only be obtained at high concentrations.  
This chapter has shown the corrosion characteristics of mild steel with various 
surface roughness in simulated concrete pore solutions of different chloride 
concentrations, with and without the presence of CN inhibitor for different exposure 
times. The next chapter will examine the accelerated corrosion of rebars in three 
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different mixes of concrete immersed in 3% NaCl solutions for different exposure 
times along with measurement of bond strength between steel and concrete interface.  
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CHAPTER FIVE 
 
CORROSION OF STEEL REINFORCEMENT IN CONCRETE 
OF DIFFERENT COMPRESSIVE STRENGTHS 
 
5.1 Introduction 
This chapter describes the main experimental program, which was designed to study 
the corrosion behaviour of steel bar in concrete under accelerated corrosion process 
and to investigate the influence of corrosion on the bond characteristics at the 
reinforcing steel-concrete interface. A series of reinforced concrete specimens with 
different compressive strengths were subjected to reinforcement corrosion under 
impressed current of 0.4A and time periods to induce loss of metal. Potentiodynamic 
polarization technique was used to evaluate the corrosion behaviour of steel 
reinforcement. Specimens were then subjected to tensile force to determine the bond 
stress between concrete and the reinforcing steel bar using an Instron mechanical 
testing machine.  
 
5.2 Experimental Program 
5.2.1 Materials and specimen preparation 
The constituent materials consisted of Portland cement, sand, 20mm maximum size 
coarse aggregate and distilled water. Mix proportion and the average compressive 
strength of five tests for 150mm cubes from each batch at 28 days are listed in Table 
5-1, and the mechanical properties of steel reinforcement used are given in Table 5-2. 
Test specimens consisted of a 12mm diameter steel bar embedded in 150mm 
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concrete cubes. In order to ensure the bond slip failure would dominate over other 
types of failure such as yielding of steel reinforcement, only a short length of steel 
bars was embedded in concrete. The embedment length chosen was 60mm, five 
times the bar diameter. 
The concrete specimens were kept in moulds, covered with wet cloths at room 
temperature (23±2°C) for 3 days, then demolded and kept in a standard curing room 
of humidity 60±5 at 20±2ºC for the following 25 days before testing. 
 
Table 5-1: Mix proportion of concrete and compressive strength. 
Concrete 
mix No. 
Water 
(Kg/m³) 
Cement 
(Kg/m³) 
Sand 
(Kg/m³) 
Aggregate 
(Kg/m³) 
W/C 
(%) 
Compressive 
strength (MPa) 
1 187 287.7 775 1009 65 20 
2 187 340 720 1021 55 30 
3 187 415.5 659 1022 45 46 
 
Table 5-2: Mechanical properties of mild steel. 
 
 
5.2.2 Accelerated corrosion 
 Reinforcement corrosion normally requires long exposure period of time, and 
usually by the first crack observed on the outer concrete surface after many years. 
Therefore, for design of structural members and durability against corrosion as well 
as selection of suitable material and appropriate protective systems, it is useful to 
perform accelerated corrosion tests for obtaining quantitative and qualitative 
information on corrosion resistance in a relatively shorter period of time.  
There are two common methods to accelerated chloride-induced reinforcement 
corrosion: wet/dry and impressed current methods (Austin et al. 2004). Wet/dry 
method requires several months before sufficient levels of chloride ions have 
Type Yield point (MPa) Tensile strength (MPa) Young Modulus (GPa) 
Grade 500              505            652            205 
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permeated into concrete cover to cause depassivation of the passive film formed on 
steel due to alkaline environment. The extent of chloride movement depends on 
concrete quality, concrete cover thickness, and duration of wetting and drying 
periods (Neville 1995).  
 
The scientific justification for accelerating corrosion using impressed current is 
strong, dramatically reducing the initiation period required for breakdown of the 
passive film from years to days and fixing the desired rate of corrosion without  
compromising the reality of corrosion products formed (Amleh et al. 2000, Austin et 
al. 2004). It is also important that the accelerated testing condition of reinforced 
concrete in presence of chlorides does not differ from the real structures with 
chloride-induced corrosion, except for the time scale (Amleh et al. 2000). When an 
impressed current is used to drive corrosion of reinforced concrete exposed to 
chloride environment, steel reinforcement corrosion results from depassivation of the 
passive film. This means the stable products 43OFe  or 32OFe  are transformed into 
non stable products, e.g. 2)(OHFe  or FeOOH  which diffuse away from anode to 
cathode area (Austin et al. 2004, Care and Raharinaivo 2007). This process agrees 
with some results reported that the corrosion products of iron in chlorinated 
environments include 2Fe  and 3Fe  (Sagoe and Glasser 1989, Pourbaix 1990). 
These types of corrosion products were observed by others (Duffo et al. 2004, 
Poupard et al. 2006) in the real reinforced concrete structures for chloride-induced 
reinforcement corrosion.  
 
It was reported (Austin et al. 2004, Care and Raharinaivo 2007) that the chloride 
induced corrosion using impressed current characters by uniform corrosion product 
(rust) forming on steel surface. The formation of rust involves a large increase in 
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volume which induce cracking and spalling of concrete, reduce cross-sectional area 
of steel bars, and causing losses in bond strength between steel and concrete. They 
reported also that localized corrosion in the form of pits resulted under action of 
impressed current. This is a similar corrosion pattern was observed by others (Duffo 
et al. 2004, Poupard et al. 2006) for the real reinforced concrete structures exposed to 
environment containing chloride for long period of time.  
5.2.3 Accelerated corrosion set-up and testing procedure 
The specimens were immersed in 3% NaCl saline solution. The solution tank was 
filled up to the top of concrete surface and external current of 0.4A was applied to 
accelerate the corrosion process to meet the objectives within a reasonable time 
schedule. The impressed current direction was adjusted such that the reinforcing steel 
served as the anode while a graphite rod (counter electrode) was positioned in the 
tank to act as a cathode. A schematic representation of the electrochemical test set-up 
is shown in Figure 5-1. In order to establish different levels of reinforcement 
corrosion, accelerated corrosion time was extended over 1, 7 and 15 days. The 
corrosion rates were measured based on current density obtained from the 
polarization curve and Figure 5-2 shows the corrosion rate measurement set-up. The 
corrosion cell consisted of a saturated calomel reference electrode (SCE), counter 
electrode (graphite rod) and the reinforcing steel embedded in concrete specimen 
acted as the working electrode. The polarization test was performed using scanning 
potential of -200 mV through 1200mV, with a scan rate of 1mV/s. The data were 
recorded for a fixed duration of 1hr at ambient temperature. The polarization curve 
was obtained as the relationship between corrosion potential and current density. 
Final corrosion rate (CR) measurements of steel were obtained using equation 3.1 
which was covered in chapter 3. 
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After finishing the electrochemical measurements, the specimens were taken for a 
pull-out test that was conducted following the RILEM Technical Recommendation 
(RILEM 1983). The pull-out test was carried out using the Instron testing machine as 
illustrated in Figure 5-3. A dial gauge was used to measure the slip between the steel 
bar and concrete at a constant loading rate of 0.50mm/min.  
 
Figure 5-1: Accelerated corrosion test set-up. 
                          
 
Figure 5-2:  Corrosion rate measurements set-up. 
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Figure 5-3: Pull-out test system. 
 
5.3 Test Results 
5. 3.1 Electrochemical results  
5.3.1.1 Effect of acceleration time 
Figure 5-4 shows the polarization curves of reinforcing steel embedded in the control 
concrete specimens having 20 and 46MPa concrete compressive strength. The 
corrosion potentials CorrE  were found to be -230 and -223mV and the corrosion 
current densities  CorrI  of approximately 0.50 and 0.35μA/cm² for 20 and 40MPa, 
respectively. Figure 5-5 presents the polarization curves of steel bars in concrete of 
20MPa compressive strength after acceleration tests for 1, 7 and 15 days in 3% NaCl 
solution. After 1 day of corrosion acceleration the corrosion potential decreased from 
-230 to -469mV and corrosion current density increased from 0.50 to 55.6μA/cm² 
compared with control specimen free of acceleration corrosion test. As corrosion 
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acceleration extended to 7 days, corrosion current density increased to 725μA/cm². 
High acceleration time up to 15 days led to an increase in the corrosion current 
density, and resulted in a reduction of corrosion resistance. Corrosion rate values of 
2.2, 29.5 and 33.5mpy were recorded after acceleration of 1, 7 and 15 days, 
respectively. Figures 5-6 and 5-7 present the influence of acceleration time on 
corrosion behaviour of steel bars embedded in concrete of 30 and 46MPa 
compressive strength, respectively. The rate of corrosion attack is low at 1 day of 
exposure and then significantly increased when acceleration time extended up to 7 
and 15 days. In Figure 5-6 steel corrosion rate values of 0.78, 25.73 and 30.5mpy for 
periods of 1, 7 and 15 days were recorded for 30MPa concrete strength. For 
specimens having 46MPa concrete compressive strength (Figure 5-7) the steel bars 
showed less corrosion rate and more corrosion resistance after all periods of 
acceleration compared with steel tested in concrete of 20 and 30MPa compressive 
strength. Corrosion rate values were varied from 0.57 to 15.3 to 20.4mpy as 
acceleration time increased from 1 to 7 to 15 days, respectively. The results revealed 
that as acceleration time increased, the corrosion rate increased since ingress of 
chloride in concrete reached the steel surface, breaking the passivation. On the other 
hand, larger concrete strength slowed down the corrosion rate due to the passivity 
achieved as the increase in concrete strength produced less permeability and 
consequently allowed less chloride to be in contact with steel bars. 
 109 
-400
-200
0
200
400
600
800
1000
1200
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Log current density (μm/cm²)
C
o
rr
o
s
io
n
 p
o
te
n
ti
a
l 
(m
V
) 
v
s
 S
C
E
46MPa 20MPa
 
Figure 5-4: Polarization curves of concrete specimens having 20 and 46MPa concrete 
compressive strength. 
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Figure 5-5: Effect of different acceleration time on mild steel corrosion in concrete 
specimens having 20MPa compressive strength. 
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Figure 5-6: Effect of different acceleration time on mild steel corrosion in concrete 
specimens having 30MPa compressive strength. 
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Figure 5-7: Effect of different acceleration time on mild steel corrosion in concrete 
specimens having 46MPa compressive strength. 
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5.3.1.2 Effect of concrete strength on corrosion rate 
The corrosion rate results of different concrete strengths are plotted together for each 
exposure time in Figure 5-8. Accelerated corrosion of steel bars in concrete having 
20MPa compressive strength for 1 day showed less corrosion resistance compared 
with specimens having concrete strength of 30MPa or 46MPa. In general the 
corrosion rate of steel bars in concrete having the same compressive strength 
increased as the accelerated corrosion time extended. This is due to higher exposure 
of sufficient chloride concentration to reach the steel bar surface to cause the 
passivity breakdown and create more corrosive environment on steel surface. After 7 
days the steel bars in concrete having 20MPa and 30MPa compressive strength 
exhibited less corrosion resistance as concrete allowed corrosive environment to be 
entered after 7 day exposure and hence less protective corrosion layer formed. In this 
case the embedded steel bar had some parts not covered with the corrosion product 
and acted as a new anodic site and showed high corrosion rate. Such scenario 
depends on many factors including chloride concentration, concrete thickness, and 
external impressed current. Further reduction in corrosion resistance rate was 
observed after 15 days of exposure, depending on concrete strength. 
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Figure 5-8: Effect of porosity on mild steel corrosion in different concrete strength 
after 1, 7 and 15 days. 
 
5.3.2 Concrete visual observation  
The mechanism of corrosion damage in reinforced concrete is mainly due to the 
formation of corrosion products having several times higher volume than that of steel 
reinforcement which cause internal stresses leading to cracking and spalling of 
concrete cover. Figure 5-9 shows photos of the most porous concrete specimens 
having 20MPa compressive strength, after acceleration corrosion test for 1 day and 
15 days of exposures. Observations of the top surface of the concrete specimen show 
that corrosion products were fluid and penetrated into concrete through cracks. The 
amount of corrosion products is controlling the concrete external crack size based on 
the exposure time.  After 1 day corrosion acceleration test, concrete shows some 
amount of corrosion products in forms of fluid at the top surface of concrete, as seen 
in Figure 5-9 (a). Exposure of concrete having 20MPa compressive strength for 15 
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days resulted in wide cracks at the top surface of concrete that filled with green/black 
rust along the internal steel bar, Figure 5-9 (b). Observation results of the more dense 
concrete specimens of 46MPa are shown in Figure 5-10. One day of exposure shows 
a smooth concrete surface with no sign of any corrosion product or cracks, indicating 
that the concrete porosity did not allow enough corrosive ions (chloride) to penetrate 
and contact the steel bar as depicted in Figure 5-10 (a). When acceleration corrosion 
extended up to 15 days, moderate crack on the top of concrete was observed, Figure 
5-10 (b). The observations confirm that the highest concrete compressive strength of 
46MPa needs more exposure time to gain sufficient amount of corrosion products to 
initiate visible cracks compared with other concrete mixtures because of less 
diffusivity and permeability. 
 
(a) 1day (b) 15 days 
Figure 5-9: Effect of acceleration corrosion on cracking of concrete of 20MPa. 
 
(a) 1 day (b) 15 days 
Figure 5-10:  Effect of acceleration corrosion on cracking of concrete of 46MPa. 
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5.3.3 Mechanical investigation 
Experimental tests were carried out to examine the effect of corrosion rate on the 
degree of bond between steel bars and concrete for three different concrete strengths. 
Three concrete specimens for each concrete compressive strength were tested and the 
average of test results was calculated and presented below. 
5.3.3.1 Bond stress-slip relationships 
Figure 5-11 shows that the initial small load causes some slip and develops a high 
bond stress near the load end, leaving the upper part of the reinforcing bar totally 
unstressed. As applied load increases, the slip at the load end also increases, and 
hence both the high bond stress and slip extend deeper into the concrete specimen. 
The maximum bond resistance will be achieved when the slip first reaches unloaded 
end. Failure occurs by bar pullout or splitting of concrete.  
In each pull-out test, the bond-slip at the loaded end was measured at various load 
increments up to failure. The calculated bond stress, U (=P/πdl, where P = applied 
load, d = steel bar diameter and l = bonded length) for each load level is plotted 
against the end slip for each specimen in Figures 5-12a to 5-12d. 
Figure 5-12a presents the bond stress versus slip for control specimens having 20, 30 
and 46MPa concrete compressive strengths, free of any accelerated corrosion. The 
bond stress-slip relationship consisted of three distinct regions. In the first region the 
bond stress increased with no or very little slip up to a maximum load. The load-slip 
curves for the three different specimens having 20, 30, and 46MPa concrete strength 
showed a linear relationship between load and bond slip up to almost 66, 67 and 95% 
of ultimate bond strength, respectively. The second region was then illustrated by a 
drop in the applied load with longitudinal splitting cracks and increase in bond slip. 
The third region exhibited a slight gradual drop in the load with a rapid increase in 
bond slip. 
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The variation of the calculated bond stress with the accompanying slip at various 
load levels is shown in Figures 5-12b to 5-12d for different concrete strength 
specimens at various accelerated corrosion time. Test specimens having concrete 
strength of 20MPa with corroded bar up to 1 day of exposure showed a linear 
behaviour up to 80% of the ultimate load, thereafter the curve breaks off, indicating a 
rapid increase in slip without an increase in the load. The relationship between load 
and bond slip for specimens after 7 and 15 days exposure exhibited a linear 
relationship up to below the ultimate bond strength, thereafter a sudden drop occurs 
which continues to show increasing slip at decreasing loads, see Figure 5-12b. The 
load-slip curves of the specimens having 30 and 46MPa compressive strengths are 
shown in Figures 5-12c and 5-12d, respectively. The specimens with a relatively low 
level of corrosion exhibited linear relationship between load and slip up to almost 
ultimate bond strength, thereafter a sudden drop occurs with considerable slip. With 
increasing the exposure time a significant reduction in bond strength occurs. 
 
The steel/concrete bond strength against concrete compressive strength after different 
exposure time is illustrated in Figures 5-13 (a-d). Test results clearly show that slight 
corrosion of steel improves the bond strength due to the increase in steel bar surface 
roughness when thin layer of corrosion product formed. An increase in corrosion 
acceleration up to 7 days is manifested in a bond strength reduction because of the 
formation of longitudinal cracks due to corrosion. High corrosion acceleration of 
steel bar increased corrosion products at the bar surface and converting the initial 
film layer of corrosion products into flakey layer or severe localized corrosion in 
forms of pitting or grooves type at the bar surface, that caused a significant bond 
strength reduction. 
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Figure 5-11: Distribution of bond stress along the embedded reinforcing bar 
(Leonhardt 1964). 
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Figure 5-12:  Bond stress versus slip for different acceleration corrosion periods. 
 117 
 
5.3
8.84
12.38
0
2
4
6
8
10
12
14
20 30 46
Concrete strength (MPa)
B
o
n
d
 s
tr
e
n
g
th
 (
M
P
a
)
6.19
9.28
13.5
0
2
4
6
8
10
12
14
16
20 30 46
Concrete strength (MPa)
B
o
n
d
 s
tr
e
n
g
th
 (
M
P
a
)
 
             (a) Un-corroded, control specimens       (b) 1 day accelerated corrosion 
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             (c) 7 days accelerated corrosion       (d) 15 days accelerated corrosion 
Figure 5-13:  Bond steel/concrete strength versus concrete strength. 
 
5.3.4 Effect of corrosion rate on bond strength  
Figure 5-14 shows the change of bond strength and steel bar corrosion rate for the 
three different concrete strengths exposed to chloride environment for 1 day 
corrosion acceleration. As concrete strength increased from 20MPa to 46MPa, the 
corrosion rate decreases and hence the bond strength increased. The highest bond 
strength was recorded for concrete compressive strength of 46MPa at a corrosion rate 
of 0.57mpy. An increase in the corrosion rate of steel bars in all concrete specimens 
was observed when the exposure period extended to 7 days as depicted in Figure 
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 5-15. The corrosion rate of steel bars in concrete having 20MPa compressive 
strength increased to 29.5mpy and hence the bond strength reduced to 1.32MPa 
compared with 6.19MPa at 1 day of exposure. The same concrete compressive 
strength of 20MPa showed high corrosion rate of steel after 15 days corrosion 
acceleration with less bond strength as depicted in Figure 5-16. The corrosion rate of 
steel bars in concrete of 30MPa compressive strength reduced to 0.78mpy after 1 day 
of corrosion acceleration; this slight reduction in the corrosion rate has improved the 
bond stress up to 9.28MPa. Extending the exposure time of steel bars in concrete of 
30MPa compressive strength to 7 and 15 days increased the corrosion rate and, 
consequently reduced the bond strength as shown in Figures 5-15 and 5-16. Concrete 
of 46MPa showed the lowest corrosion rate at all the exposure times investigated and 
consequently the highest bond strength. The corrosion rate of steel bars in concrete 
having 46MPa compressive strength is 0.57mpy after 1 day exposure, increased to 
15.3mpy after 7 days exposure and reached 20.4mpy after 15 days exposure as 
shown in Figures 5-14 to 5-16. 
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Figure 5-14: Corrosion rate and bond strength versus concrete compressive strength 
after 1 day of corrosion acceleration. 
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Figure 5-15: Corrosion rate and bond strength versus concrete compressive strength 
after 7 day of corrosion acceleration. 
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Figure 5-16: Corrosion rate and bond strength versus concrete compressive strength 
after 15 day of corrosion acceleration. 
 
5.3.5 Morphology investigation results 
At the end of each test the corroded steel bar was taken out of concrete specimens for 
visual and macroscopic observation. The investigation results of concrete and steel 
bars specimens are presented in this section. 
Figure 5-17 (a) shows the two halves of the 20MPa compressive strength and the 
steel bar embedded in concrete after 1 day of corrosion acceleration. The steel has 
very slight rust. As the exposure time extended to 7 days the condition of steel bar 
and concrete has changed as depicted in Figure 5-17 (b) and the rate of rust and size 
reduction of steel bars increased. The corrosion product was deposited as fluid rust at 
the top surface of concrete. Severity of steel bar corrosion increased as the 
accelerated time extended to 15 days as can be seen in Figure 5-17 (c). The amount 
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of fluid rust is much more than in the previous two specimens due to high rate of 
corrosion. 
Macroscopic observation of the corroded steel bars in concrete of 20MPa 
compressive strength after exposure to chloride environments for three different 
periods is presented in Figure 5-18. The exposure of the steel bar up to 1 day showed 
small pits and small amount of rust as shown in Figure 5-18a. As the exposure time 
extended to 7 days the rate of corrosion increased and the steel bar gained more rust. 
Reduction of the steel bar diameter is also observed and presence of corrosion pits at 
the steel bar surface as shown in Figure 5-18b. Steel bars exposed to 15 days suffered 
from high rate of metal dissolution compared with those exposed to 1 and 7 days. 
The severity of corrosion is extended along the bar surface toward the middle of the 
steel bar, (see Figure 5-18c). 
Figure 5-19a shows two halves of concrete specimens having 30MPa compressive 
strength with embedded steel bars after 1 day exposure to corrosion acceleration. The 
exposed steel surface has a little rust. For accelerated time up to 7 days significant 
reddish rust can be observed on steel surface as shown in Figure 5-19b. Steel was 
deeply corroded when accelerated corrosion extended up to 15 days (see Figure  
5-19c). 
Macroscopic observation of the steel bars embedded in concrete having 30MPa 
compressive strength after corrosion acceleration for three different periods in 
chloride is shown in Figure 5-20. One day of corrosion acceleration has caused a 
small effect on the steel bar surface, Figure 5-20a. When accelerated time extended 
to 7 days volume reduction at the top of steel bar and pitting corrosion on the steel 
surface were observed, (see Figure 5-20b). Steel was deeply corroded (flaky oxide 
product fell off) and severe deep pitting corrosion on steel bar ribs are clearly 
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observed as accelerated corrosion extended up to 15 days as indicated in Figure 
5.20c. 
Concrete specimens of 46MPa compressive strength after three periods of 
acceleration corrosion were split into two halves as illustrated in Figure 5-21. A little 
amount of corrosion rust on a limited steel surface area was observed for specimens 
after 1 day corrosion acceleration, Figure 5-21a. When the corrosion acceleration 
time extended to 7 days, more rust was observed at the vicinity of steel/concrete 
interface and localized corrosion products were observed as indicated in Figure  
5-21b. Brown rust was clearly identified at the concrete and its interface with the 
embedded steel bar exposed to corrosion acceleration up to 15 days as shown in 
Figure 5-21c. 
Macroscopic examination of the steel bars after corrosion acceleration is also shown 
in Figure 5-22. One day of corrosion acceleration had a very small effect on steel 
surface area as shown in Figure 5-22a. Corrosion acceleration of 7 days produced 
brownish rust on the steel bar and localized corrosion in the form of pitting as shown 
in Figure 5-22b. The steel specimens subjected to 15 days of corrosion acceleration 
showed corrosion grooves and presence of pitting corrosion and reduction of bar 
diameter as presented in Figure 5-22c. 
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Figure 5-17:  Photographs of steel bar embedded in 20MPa concrete strength after 
acceleration corrosion. 
 
Figure 5-18: Macroscopic examination of the steel bar after acceleration corrosion in 
concrete of 20MPa for different periods. 
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Figure 5-19:  Photographs of steel bar embedded in 30MPa concrete strength after 
acceleration corrosion for three different periods. 
 
 
Figure 5-20:  Macroscopic examination of the steel bar after acceleration corrosion in 
concrete of 30MPa for different periods. 
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Figure 5-21: Photographs of steel bar embedded in 46MPa concrete strength after 
acceleration corrosion for three different periods. 
 
 
Figure 5-22:  Macroscopic examination of the steel bar after being accelerated in 
concrete of 46MPa for different periods. 
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5.4 Discussion 
Impressed current method to accelerate the corrosion of steel in concrete has been 
shown to reliably induce corrosion of steel reinforcement. This method has many 
advantages, in addition to the obvious saving in time and cost, it has the ability to 
control the rate of corrosion, which usually varies due to changes in concrete 
resistivity, oxygen concentration and temperature (Austin et al. 2004). 
   
The data presented in Figures 5-5 through 5-7 show polarization curves for 
specimens exposed to chloride solutions over 1, 7 and 15 days. Low concrete 
strength specimens recorded the most active corrosion potential and highest 
corrosion current density at all exposure times. The superior performance of concrete 
with 46MPa compressive strength in chloride solutions is attributed to dense pore 
structure that inhibits the penetration of chloride and moisture to steel/concrete 
interface. The superior corrosion resistance of specimens having 46MPa concrete 
compressive strength compared with 20 and 30MPa strength specimens is also due to 
the higher electrical resistivity that retards the flow of electrons from cathode to 
anode sites, thus impeding the propagation of corrosion process. 
The rate of corrosion was also affected by the extend of exposure time. This was 
consistent with the findings of other investigations (Dehghanian and Locke 1982) 
where the penetration of chloride ions into concrete progressively increased with 
exposure to chloride solutions. Higher chloride accumulation on steel surface 
eventually caused disruption of steel passivity. 
 
It is generally accepted that the acidity produced during chloride-induced corrosion 
results in the formation of soluble oxides that diffuses away from the anode to 
cathode area in concrete surface. The visual observation of corroded specimens 
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showed a wet green/black oxide paste surrounded by a brown oxide layer which 
transformed to reddish scale due to hydration as shown in Figure 5.18 and agree with 
observations of other experiments (El-Maaddawy and Soudki 2003, Care and 
Roharinaivo 2007).   
 
Despite the fact that many variables are involved in corrosion of steel bars in 
concrete, the results of the present investigation are comparable to others who 
applied different electrochemical corrosion techniques. Jarrah et al. (1995) measured 
the corrosion rate of reinforcing steel in concrete (w/c = 0.5) exposed to 15.7% NaCl 
for 2 years by using potentiodynamic polarization technique. They reported that the 
calculated corrosion rate was 3.3mpy. Locke and Simon (1980) found for concrete 
mixed with 0 to 1% NaCl, the estimated corrosion rate based on linear polarization 
resistance technique was in the range of 0.03 to 0.52mpy. Wheat and Eliezer (1985) 
used potentiodynamic polarization technique for corrosion rate measurements of 
steel in concrete specimens (w/c ratio = 0.62) immersed in 10% NaCl solution for 30 
and 150 days. They reported that the corrosion rate varied from 0.04mpy to 3mpy. 
However, corrosion rate of reinforcing steel exposed to aggressive environments 
containing chloride for long exposure time may reach up to 40mpy where pitting 
corrosion occurs (Bertolini et al. 2004, Elsener 2005). The above measured corrosion 
rates seem comparable to the range in the present study using potentiodynamic 
polarization technique. 
 
The bond strength between steel and concrete after 1 day exposure exceeded that of 
the control specimens from corrosion acceleration. This is attributed to an increase in 
roughness of steel bar, which enhanced the friction between the steel bar and 
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surrounding concrete. This phenomenon has also been observed by others (Cabrera 
1996, Almusallam et al.  1995, Chung et al. 2008).  
Long accelerated corrosion of 7 and 15 days caused a significant reduction in bond 
strength owing to an increase of corrosion rate; significant dissolving of steel ribs, 
therefore the pull-out action was facilitated and occurred at a lower load. The 
accumulation of a heavy layer of the flaky corroded material around the steel bar also 
reduced the friction component of the bond strength. Other reasons include the crack 
size corresponding to particular level of corrosion. Similar findings were reported by 
other researchers (Almusallam et al. 1995, Lee et al. 2002). 
 
Corrosion morphology confirmed the electrochemical results. The severity of 
corrosion increased as the exposure of corrosion acceleration increased. Results 
indicated that concrete strength controlled the amount of corrosive environment 
penetration towards the steel bar. Lower concrete strength allowed more corrosive 
environment penetration and resulted in higher corrosion rate.  The severity of steel 
bar degradation showed the highest level after 15 days, Figure 5-18. The severity of 
corrosion was reduced for higher concrete strength and corrosion morphology 
confirmed the localized form of pitting. Such localized attack became more severe 
and covered wider area when corrosion extended to a longer time of 15 days, 
agreeing with the work undertaken by Gonzalez et al. (1995) who reported pitting 
corrosion for advanced acceleration corrosion stage using impressed current. On the 
other hand, increasing concrete strength to 46MPa reduced the corrosion rate for 7 
days of corrosion acceleration. However, deep grooves were observed on the steel 
surface when corrosion acceleration extended to 15 days due to the ability of high 
concrete strength to keep corrosive environment in a narrow zone and consequently 
chloride penetration caused such type of grooves. 
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5.5 Conclusions 
 Application of electrochemistry technique is a feasible method to evaluate the 
rate of steel bar degradation embedded in concrete under accelerated 
corrosion. 
 Volume of corrosion products and level of chemical reactions control the 
concrete crack length and width. 
 Corrosion rate of steel bars depends on concrete strength and exposure time 
of acceleration corrosion test. As the exposure time increased the corrosion 
rate increased. On the other hand, higher concrete strength reduced the steel 
corrosion rates. 
 Slight rust formed after 1 day of exposure and promoted the steel/concrete 
bond strength. Further increase of corrosion rate significantly decreased the 
concrete/steel bond strength. 
 Test specimens with high corrosion rate showed severity of corrosion damage 
with high reduction in the steel bar area. Pitting corrosion was also resulted 
due to the chloride attack on steel bar surface. However, corrosion of steel 
embedded in concrete having high compressive strength of 46MPa was in 
the form of severe grooves. 
 
This chapter examined accelerated corrosion of mild steel reinforcing bars in 
three different mixes of concrete immersed in 3% NaCl solution, but without the 
presence of calcium nitrite (CN) inhibitor. The next chapter will repeat the tests 
and measurements but with various concentration of CN inhibitor added to the 
concrete mix. 
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CHAPTER SIX 
EFFECT OF CALCIUM NITRITE ON REINFORCING STEEL 
CORROSION 
 
6.1 Introduction  
This chapter reports the results of corrosion tests on a series of steel reinforcement in 
concrete having 20 and 46MPa compressive strengths, each mixed with 0%, 2% and 
4% calcium nitrite (CN) by weight of cement. Each of the concrete mixes was 
subjected to different exposure times as in chapter 5. A series of pull-out specimens 
were also conducted to evaluate the bond strength between reinforcing steel bar and 
concrete. CN has gained more attraction for rebar corrosion problems, because it 
does not have any adverse effect on concrete properties and performance of structure 
due to its compatibility with concrete (Bertolini et al. 2004, Reou and Ann 2008). CN 
is anodic inhibitor of corrosion and when added to reinforced concrete, it is absorbed 
on the surface of steel acting as strong oxidizing passivators which strengthen the 
oxide layer protecting the metal surface (Berke and Rosenberg 1989). 
 
6.2 Experimental program 
The same experimental procedure involving materials and specimens preparation 
was followed and corrosion and pull-out tests were carried out as in chapter 5. The 
water/cement ratios of 0.65 and 0.45 were chosen in this study to obtain low and high 
concrete strengths, the mix proportion of concrete was explained in chapter 5 
(section 2.1). CN as 30 wt% solutions in water was admixed with concrete to 
evaluate their effectiveness on the resistance to corrosion of steel rebar in concrete 
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exposed to 3% NaCl. Compressive strength of concrete was measured as the average 
strength of the five 150x150x150mm cubes from each batch. The compressive 
strengths of 20MPa and 46MPa were found after 22 days of curing in chamber of 
humidity 60±5 at 20±2ºC. The reinforced concrete specimens were subjected to 
corrosion acceleration by applying external current of 0.4A in 3% NaCl solution for 
1, 7 and 15 days. 
 
6.3 Experimental results 
 6.3.1 Corrosion test results  
 6. 3.1.1 Effect of CN concentration   
Figures 6-1 to 6-3 show the corrosion behaviour of mild steel in concrete mixed with 
0, 2 and 4% CN and having 20MPa compressive strength in 3% NaCl solution after 
corrosion acceleration for 1, 7 and 15  days, respectively. The addition of 2% CN to 
concrete shifted the corrosion potential from -469mV to -441mV and the corrosion 
current density decreased from 55.6μA/cm² to 44.2μA/cm² compared with the 
specimen without CN after 1 day of corrosion acceleration. When the specimen 
containing 4% CN was tested further protection was achieved by decreasing the 
corrosion current density to 39.8μA/cm² and hence caused reduction in corrosion rate 
as shown in Figure 6-1. A similar pattern was observed as the accelerated time 
extended to 7 days as indicated in Figure 6-2 and explained below. The addition of 
2% CN to concrete improved corrosion resistance by shifting the corrosion potential 
to less noble state  of -492mV compared with -523mV and decreased the corrosion 
current density from 725 μA/cm² to 600μA/cm² in comparison with the concrete 
specimen without CN (see Figure 6-2). Increasing CN content up to 4% achieved 
further corrosion resistance improvement where corrosion potential of -414mV and 
corrosion current density of 540μA/cm² were recorded. After 15 days of corrosion 
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acceleration the specimen containing 2% CN showed less corrosion resistance than 
the specimen without CN as a slight increase in the corrosion current density from 
823 to 841μA/cm² was noted. However specimens containing 4% CN showed better 
corrosion resistance. The corrosion current density decreased to 591μA/cm² as can be 
seen in Figure 6-3 and the corrosion potential moved to more + ve direction at           
-462mV.  
 
Figures 6-4 through 6-6 show the polarization results of  steel rebars in concrete 
specimens of compressive strength 46MPa and mixed with 0%, 2% and 4% CN after 
corrosion acceleration of 1, 7 and 15 days, respectively. After 1 day of exposure to 
accelerated corrosion the rebar in concrete mixed with 2% CN showed an 
improvement in the corrosion behaviour compared with the steel bar in concrete 
without CN. The corrosion potential moved in more noble direction (-443mV to 
-397mV) and there was a decrease in corrosion current density from 15.2μA/cm² to 
13.4μA/cm². With  a concentration up to 4% CN in the concrete mix, the beneficial 
effect of inhibition could be observed with the corrosion potential moving in a more 
noble direction and  corrosion current density decreased to 11.3μA/cm², see Figure  
6-4. A similar trend was observed when periods of accelerated corrosion extended to 
7 days. Again the rebar in concrete  mixed with 2% CN had better corrosion 
resistance than control specimen (without CN) and this improvement in the corrosion 
resistance was even more pronounced in specimens containing 4% CN where a 
corrosion potential of -410mV and current density of 155μA/cm² were recorded, see 
Figure 6-5. Further extension of the accelerated corrosion time up to 15 days 
demonstrated the efficiency of CN in improving corrosion resistance even at low 
concentration of 2% CN and the effect of CN on reinforcing bar corrosion was 
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pronounced when the proportion of CN corrosion inhibitor was increased to 4% as 
can be seen in Figure 6-6.  
 
It appears that low concentration of CN (2%) in low quality concrete of 20MPa 
compressive strength caused less corrosion resistance at long time of exposure to 3% 
NaCl solution as concrete allowed sufficient chloride ingress into steel bar surface 
reducing the efficiency of CN. However the presence of 2% CN in good quality 
concrete has the ability to provide better protection even at longer exposure time of 
15 days.   
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Figure 6-1:  Effect of CN after exposure specimens having 20MPa compressive 
strength for 1 day. 
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Figure 6-2: Effect of CN after exposure specimens having 20MPa compressive 
strength for 7 days. 
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Figure 6-3: Effect of CN after exposure specimens having 20MPa compressive 
strength for 15 days. 
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Figure 6-4: Effect of CN after exposure specimens having 46MPa compressive 
strength for 1 day. 
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Figure 6-5: Effect of CN after exposure specimens having 46MPa compressive 
strength for 7 days. 
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Figure 6-6: Effect of CN after exposure specimens having 46MPa compressive 
strength for 15 days. 
 
6. 3.1.2 Effect of exposure time 
Figure 6-7 shows the polarization curves for steel bars embedded in concrete mix 
with 2% CN and having 20MPa compressive strength after 1, 7 and 15 days of 
accelerated corrosion.  Seven days of corrosion acceleration caused an increase in 
corrosion current density from 44.2 to 600μA/cm² compared with 1 day of corrosion 
acceleration. When the acceleration time extended to 15 days severe corrosion 
occurred with a shift in corrosion potential in a more active direction to -609mV and 
a large deviation in polarization curve to current density of 841μA/cm², indicating 
reduced efficiency of this rather small amount of CN at longer exposure time when 
the ratio of chloride to nitrite around steel bar becomes high.   
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Figure 6-8 gives the polarization curves of steel bars in concrete mixed with 4% CN 
and having 20MPa compressive strength at different accelerated times of 1, 7, and 15 
days. Extending the corrosion acceleration time from 1 day to 7 days had the effect 
of increasing corrosion current density from 39.8 to 540μA/cm². Further exposure up 
to 15 days increased the corrosion current density to 591μA/cm² and hence reduced 
corrosion resistance.  
Figure 6-9 compares the polarization curves of steel bars in concrete of strength 
46MPa mixed with 2% CN for three different corrosion acceleration times 1, 7 and 
15 days. The accelerated corrosion duration of 7 days had the effect of shifting the 
corrosion potential in a less noble direction and increasing the corrosion current 
density compared with 1 day of corrosion acceleration. After  15 days of corrosion 
acceleration the corrosion activity enhanced by shifting the corrosion potential to 
more active direction with an increase in corrosion current density. 
Figure 6-10 shows the polarization curves of steel bars in concrete mixed with 4% 
CN under different corrosion acceleration. Seven days of accelerated corrosion 
reduced corrosion resistance and shifted the corrosion potential in a less noble 
direction compared with 1 day of corrosion acceleration. When the corrosion 
acceleration extended up to 15 days a further shift in corrosion potential to a more 
active direction and an increase in corrosion current density was observed. 
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Figure 6-7: Effect of different acceleration time on mild steel corrosion in concrete 
specimens with 2% CN and having 20MPa compressive strength. 
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Figure 6-8: Effect of different acceleration time on mild steel corrosion in concrete 
specimens with 4% CN and having 20MPa compressive strength. 
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Figure 6-9: Effect of different acceleration time on mild steel corrosion in concrete 
specimens with 2% CN and having 46MPa compressive strength. 
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Figure 6-10: Effect of different acceleration time on mild steel corrosion in concrete 
specimens with 4% CN and having 46MPa compressive strength. 
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Figures 6-11 and 6-12 illustrate the corrosion rate values for 20 and 46MPa 
specimens with and without 2 and 4% CN after three durations of accelerated 
corrosion. At exposure periods of 1 and 7 days, it is clear that for both concrete 
mixes the corrosion rate decreased with added CN. At short time of exposure  of 1 
day and low concrete strength of 20MPa, the range of corrosion rate reduced from 
2.25mpy (0% CN) to 1.61mpy (4% CN), and from 0.61mpy (0% CN) to 0.45mpy 
(4% CN) for  the 46MPa concrete strength.  
As accelerated corrosion extended to 7 days the corrosion rate varied from 29.5mpy 
(0%CN) to 22mpy (4% CN) for concrete having strength of 20MPa, and from 
15.3mpy (0% CN) to 6.32mpy (4% CN) for the 46MPa concrete strength. 
Further corrosion acceleration to 15 days showed the same trend as that after 7 days 
except in case of concrete specimen of 20MPa compressive strength containing 2% 
CN where  the highest corrosion rate of 34.3mpy was recorded. The lowest corrosion 
rate values of 24.1mpy and 8.3mpy were recorded in low and high concrete strengths 
mixed with 4% CN, respectively. 
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Figure 6-11:  Corrosion rates versus accelerated time for different concrete mixes 
having 20MPa compressive strength. 
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Figure 6-12: Corrosion rates versus accelerated time for different concrete mixes 
having 46MPa compressive strength. 
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In general the corrosion rate followed the trend that as the CN content increases the 
corrosion rate decreases. This can be attributed to the passivity achieved as the 
increase of CN allowed less chloride concentration to be in contact with the steel bar 
forming a protective film on the steel surface.  
 
6. 3.2 Mechanical test results  
6.3.2.1 Effect of CN on steel/concrete bond strength  
Figures 6-13 to 6-15 show the calculated bond stress( =P/πdl, where P = applied 
load, d = steel bar diameter and l = bonded length)  against end slip of steel bar in 
concrete with and without 2% and 4% CN after 1, 7 and 15 days of corrosion 
acceleration. In each pull-out test, the bond-slip at the free bar end is measured at 
various load increments up to failure.  
 
At minimum exposure of 1 day the relationship between bond stress and end slip is 
characterized by three zones. The first zone exhibited very little increase in slip with 
the load increase up to a point below the maximum bond strength. The second zone 
is identified by a slip increase with the load increase until ultimate bond strength, 
beyond which there was a gradual increase of slip with the load decrease. A slight 
reduction in bond strength was observed when the specimens containing CN tested 
with respect to the control specimen (without CN), see Figure 6-13. Further 
corrosion acceleration duration of 7 and 15 days showed different characteristics of 
load-slip relationship that was approximately linear up to the maximum bond 
strength beyond which a semi-sharp decrease in load exhibited against bond slip 
increase. On the other hand, significant enhancement of steel concrete bond strength 
was achieved with the increase of CN content up to 4% for longer corrosion 
exposure of 7 and 15 days as can be observed in Figures 6-14 and 6-15.  
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The bond stress-slip relationship of steel bar in concrete mixed with and without CN 
and having 46MPa compressive strength is displayed in Figures 6-16 to 6-18. A 
linear relationship followed up to a point below the ultimate bond strength, thereafter 
there was a sudden decrease in bond stress with a gradual increase in bond slip for 
specimens exposed to 1 day of corrosion acceleration. There was a slight decrease in 
bond strength at early stage (1 day) of corrosion when CN added to concrete 
compared with specimens having no CN. As the formation of corrosion products, 
which at this stage increases, the rebar surface roughness enhances the friction 
between the steel bar and surrounding concrete. Inducing more level of corrosion by 
extending the exposure time to 7 and 15 days, Figures 6-17 and 6-18 showed 
different behaviour as below: 
 The presence of CN increased the bond strength compared with specimens 
without CN.   
 The bond stress-slip curves showed a linear behaviour up to ultimate bond 
strength then the bond stress sharply decreased with large increase in slip.  
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Figure 6-13: Bond stress versus slip for 20MPa concrete strength with and without 
CN for 1 day of acceleration. 
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Figure 6-14: Bond stress versus slip for 20MPa concrete strength with and without 
CN for 7 days of acceleration. 
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Figure 6-15: Bond stress versus slip for 20MPa concrete strength with and without 
CN for 15 days of acceleration. 
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Figure 6-16: Bond stress versus slip for 46MPa concrete strength with and without 
CN for 1 day of acceleration. 
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Figure 6-17: Bond stress versus slip for 46MPa concrete strength with and without 
CN for 7 days of acceleration. 
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Figure 6-18: Bond stress versus slip for 46MPa concrete strength with and without 
CN for 15 days of acceleration. 
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Figures 6-19 and 6-20 show the effect of corrosion on steel/concrete bond 
strength of different concrete mixes having compressive strength 20MPa and 
46MPa, respectively. At the early stage of accelerated corrosion (1 day) for both 
concrete mixes the greatest bond strength is achieved for concrete specimens 
without CN as the steel surface without CN has slightly more corrosion products 
which enhance the bond between steel bar and concrete.  
With further accelerated corrosion to 7 days the concrete mix with 4% added CN 
showed the greatest bond strength for both strength concretes and concrete 
without CN showed the lowest bond strength for both concretes. All concrete 
mixes showed deterioration in bond strength between 1 day and 7 days of 
corrosion acceleration.  
For further accelerated corrosion to 15 days a continuous decrease in bond 
strength for all concrete mixes was observed. However, the highest deterioration 
in bond strength for 20MPa and 46MPa concrete strengths was recorded for the 
mix with 2% CN and 0% CN, respectively, and the least bond strength 
deterioration for both concrete mixes with 4% added inhibitor.  
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Figure 6-19: Effect of CN on steel/concrete bond strength of concrete specimens 
having 20MPa at various exposure times. 
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Figure 6-20: Effect of CN on steel/concrete bond strength of concrete specimens 
having 46MPa at various exposure times. 
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6. 3.3 Morphology investigation results 
The morphology analysis of steel bars after 15 days of corrosion acceleration in 3% 
NaCl for each concrete mix are presented in this section. Figure 6-21 shows the 
conditions of steel bars removed from concrete having 20MPa compressive strength 
mixed with 0, 2 and 4% CN. The rebar removed from concrete containing 2% CN 
was deeply corroded with higher severe reduction in bar diameter at the top concrete 
edge side compared with the reference rebar (0% CN) as depicted in Figure 6-21 (a 
and b). This confirms and justifies the high corrosion rate and the lowest 
steel/concrete bond strength recorded for 2% CN concrete specimen. The rebar 
extracted from concrete with 4% CN had uniform oxide rust over the steel surface 
with less reduction in the bar diameter, see Figure 6-21 c.  
 
Figure 6-22 presents the reinforcing bars retrieved from 46MPa compressive strength 
concrete specimens with 0, 2 and 4% CN, respectively. The condition of steel bar 
surface transformed from localized corrosion in the form of large pits and deep 
grooves along bar length (0% CN) to small pits and uniform corrosion rust for rebar 
removed from 2% CN specimen, see Figures 6-22 (a and b). On the other hand, 
moderated corrosion along the embedded portion was observed on the bar extracted 
from 4% CN concrete specimen, Figure 6-22c.  It was observed  that CN can modify 
the steel surface and retard chloride-induced corrosion. 
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Figure 6-21: Macroscopic examination of the steel bar in concrete of 20MPa after 15 
days of corrosion acceleration (a) concrete mixed with zero CN; (b) concrete mixed 
with 2% CN, and (c) concrete mixed with 4%CN. 
 
Figure 6-22: Macroscopic examination of the steel bar in concrete of 46MPa after 15 
days of corrosion acceleration (a) concrete mixed with zero CN; (b) concrete mixed 
with 2% CN, and (c) concrete mixed with 4%CN. 
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6.4 Discussion 
The test results revealed that corrosion resistance of reinforcing steel bar depends on 
the amount of CN in concrete mix. A higher content of CN enhanced the formation 
of stable ferric oxide film on steel surface and hence restricted the ability of chloride 
ions to react with ferrous ions to cause pitting corrosion. However, a small amount of 
CN (i.e. 2% of cement weight) may accelerate the corrosion process as it cannot 
produce sufficient oxide film to resist chloride attack, allowing chloride ions through 
the passive layer and hence pitting corrosion occurs.   
 
Corrosion rate was low at early exposure (1 day) because steel was still passive and 
concrete resistivity was high. The corrosion rate increased with the increase of 
exposure time due to ingress of chloride in concrete to the steel surface causing 
breakdown of passivation. The measured data demonstrated that steel corrosion 
resistance in reinforced concrete specimens having 20MPa compressive strength 
improved by addition of 2% CN up to 7 days of exposure to corrosion acceleration. 
Extended accelerated time up to 15 days showed less corrosion resistance in presence 
of 2% CN as the length of exposure time of specimen to chloride solution allowed 
more chloride to reach the steel surface, interfering the oxide film. In addition, the 
chloride to nitrite concentration ratio near to the steel surface became so high that the 
effect of nitrite is therefore diminished. Nevertheless a higher amount of nitrite (4%) 
gave better inhibition of corrosion of steel rebar, see Figure 6-3. This indicated that 
the higher concentration of CN the higher inhibition activity As both nitrite and 
chloride ions tend to react with ferrous, the amount of nitrite ions can become 
inhibitive or act in such a way as to plug any pores in any passive film, a key factor 
in being active in corrosion inhabitation (Ormellese et al. 2006, Alfolabi 2007).  
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 Accelerated corrosion of reinforced concrete specimens without CN for 15 days in 
presence of chloride confirmed the localized corrosion form of severe reduction in 
diameter of rebar extracted from 20MPa compressive strength specimen, and large 
pit and grooves along embedded length of rebar removed from 46MPa compressive 
strength specimen. This may be due to the electro-migration of the chlorides to 
induce localized corrosion.  On the other hand uniform corrosion was observed for 
steel bars removed from concrete specimens containing 4% CN for both concrete 
mixes. However less corrosion products along embedded bar extracted from 46MPa 
compressive strength specimens were observed compared with 20MPa compressive 
strength specimen. This implies that the combination of good quality concrete and 
sufficient amount of CN appears to be desirable to reduce the chloride-induced 
reinforcement corrosion.   
 
Steel/concrete bond strength was affected by the addition of CN to concrete mixture 
in all exposure times. Short exposure time (1 day) caused a slight reduction in bond 
strength of specimens containing CN compared with specimens without CN. This is 
attributed to the slight corrosion formed on steel surface improving the bond strength 
of specimens without CN, Figures 6-19 and 6-20. However the presence of CN can 
improve the corrosion resistance, producing less steel surface roughness. Exposure of 
7 days caused an increase in corrosion products at the bar surface in the form of a 
flaky layer. The data indicated less deterioration in bond strength in specimens 
containing CN as CN can modify the steel surface by reducing corrosion products 
and hence improving the steel/bond strength. 
With advanced corrosion stage (15 days) of acceleration corrosion, products at the 
steel bar surface are relatively loose; however, the results clearly showed the trend of 
higher bond strength for higher CN concentration. The 20MPa compressive strength 
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specimen with 2% CN did not follow this trend as a result of high anodic/cathodic 
ratio which accelerated the corrosion process.  
 
6.5 Conclusions 
The present study examined the corrosion resistance and steel/concrete bond strength 
of concrete specimens containing CN in presence of chlorides. The specimens were 
immersed in 3% NaCl solution and subjected to accelerated corrosion using 
impressed current for different durations. These experiments included the 
potentiodynamic polarization for corrosion rate measurements and pull-out test for 
evaluation of bond strength between steel and concrete.  
 
The presence of CN generally makes chloride corrosion less severe. However, CN 
has to be present at the reinforcing steel surface in high concentration with respect to 
the aggressive chloride ions over a long period of time. For low concrete strength and 
exposure conditions evaluated in this work, it was found that a dosage of 2% CN was 
not enough to acheive corrosion protection of steel reinforcement in concrete. 
However, the combination of good quality concrete and an addition of 2% CN 
appears to be the desirable approach to reduce the effect of chloride-induced 
corrosion of steel reinforcement.   
 
At short time (1 day) of exposure, specimens without CN showed higher bond 
strength in both concrete mixes than those with CN because of the effect of surface 
roughness. For further corrosion acceleration up to 7 and 15 days, the higher the 
concentration of CN, the higher the bond strength in both concrete mixes as CN 
modifies the surface, reduces the corrosion activity, and thereby lowers the 
deterioration of steel/concrete bond strength. However, the concrete specimen having 
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20MPa compressive strength with 2% CN recorded the highest deterioration in bond 
strength after 15 days of corrosion acceleration due to high anodic/cathodic ratio at 
the rebar level. Morphology indicated that incorporation of sufficient CN corrosion 
inhibitor in concrete modified the steel surface texture and retarded chloride-induced 
corrosion. 
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CHAPTER SEVEN 
 
CONCLUSIONS AND FUTURE WORK  
 
 
 
7.1 Summary  
 
Mild steel is the most common material used as reinforcing bar in concrete. 
However, when it is exposed to saline solution and marine environment 
reinforcement corrosion occurs. In order to prevent reinforcement corrosion in highly 
aggressive environments containing chloride the use of stainless steel is becoming 
increasingly popular (Alonso et al. 2007). The surface condition is responsible for 
the deficiencies and defects in steel component. A lack of understanding of this 
factor can shorten the service life time of steel. The effect of surface roughness on 
corrosion resistance of mild steel and 316L stainless steel in 1, 3 and 5% sodium 
chloride (saline solution) was investigated. The surface conditions investigated in the 
present study were 200 and 600 grit emery silicon carbide paper and 1μ diamond 
paste, surface finish.  
 
The influence of surface roughness on corrosion behaviour of as-received and 1μm 
diamond polished mild steel surface was also examined  in  alkaline solution 
(saturated calcium hydroxide, pH =12.5) contaminated with 1, 3 and 5% NaCl  for 
various exposure times of 1hr, 15 days and 28 days. Potentiodynamic polarization 
technique was applied for corrosion rate measurements. A series of corrosion 
experiments were also conducted to examine the efficiency of various concentrations 
of calcium nitrite (CN) on both polished and as-received mild steel in alkaline 
solution with 3% NaCl after 1 hr and 28 days of exposure.  
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Corrosion of reinforcement induced by chloride ions is one of the main causes of 
early damage, loss of serviceability and safety of reinforced concrete structures. The 
effect of increasing the rate of corrosion on corrosion resistance of reinforcement 
steel and progressive deterioration of bond between steel and concrete was also 
investigated. A practical method was used for accelerated corrosion of steel bars 
embedded in concrete by immersing the reinforced concrete specimens in 3% NaCl 
and applying a current of 0.4A. This procedure enabled high levels of corrosion in 
short time. The electrochemical corrosion acceleration was carried out for three 
different concrete strengths (20, 30, and 46MPa) at 1, 7 and 15 days of exposure. 
Reinforced concrete specimens containing 2 and 4% calcium nitrite (CN) and having 
compressive strength of 20MPa and 46MPa, respectively were also used to study the 
effect of CN as inhibitor on corrosion of steel in concrete and steel/concrete bond 
strength in presence of chloride.  
 
7.2 Conclusions  
Based on the experimental investigations presented in chapters 3, 4, 5, and 6, the 
following conclusions may be drawn: 
 Corrosion rate measurements of mild steel specimens in saline solutions 
showed contradictory results to the conventional trend, i.e. corrosion 
reduction as surface roughness decrease. The specimen with diamond 
polished surface had the highest corrosion rate compared with 600 and 200 
grit surface finish specimens when tested in 1, 3 and 5% saline solutions.  
 Increased surface roughness of 316L austenitic stainless steel specimens 
reduced the corrosion resistance in 1, 3 and 5% saline solutions.  
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 Corrosion morphology of mild steel and 316L stainless steel in saline solution 
was dependent on surface condition. Small pits formed on rough surface of 
mild steel, whereas large open pits were observed on polished surface of mild 
steel specimens. Corrosion pits transformed from open surface pits on rough 
surface to lacelike corrosion pits on smooth stainless steel surface.  
 A passive layer was formed on steel surface in alkaline environment, while   
presence of chloride ions reduced the thickness of oxide layer and lead to 
active and pitting corrosion.  
  Corrosion parameters such as corrosion and breakdown potentials depend on 
chloride concentration and steel exposure time to alkaline solution containing 
chloride. As chloride concentration increased, corrosion and breakdown 
potentials decreased. Long exposure time of 28 days with higher 
concentration of chloride showed a relatively higher breakdown potential 
with a short passive width. This was attributed to the formation of a thick 
corrosion product layer formed on steel surface.  
 Surface condition played a major role in corrosion process of mild steel in 
alkaline solution with chloride and nitrite: Polished surface specimen showed 
high corrosion rate in alkaline solution with 0.025 nitrite/chloride ratio, 
however, the as-received specimen showed better corrosion resistance in 
solution containing nitrite/chloride ratio of 0.025.  
 The corrosion rate was higher for the as-received than polished surface mild 
steel under the same testing conditions in 3 % NaCl alkaline solution with 
and without CN.  
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 The corrosion rate difference between 1 hr and 28 days of exposure for mild 
steel specimens decreased as the concentration of CN ratio increased from 
0.025 up to 1.0 in chloride alkaline solution. 
 Morphology investigations of mild steel specimens in alkaline solution 
containing chlorides and nitrites showed localized pits, even at nitrite 
concentration equal to chloride concentration, indicating that the inhibition 
effect of CN could only be obtained at higher concentrations. 
 Corrosion rate of reinforcing steel bars depends on concrete strength and 
exposure time to chloride solution. As exposure time increased, corrosion rate 
increased. On the other hand, higher concrete strength reduced the steel 
corrosion rates. 
  The pull-out test results clearly showed that low rate of corrosion (1day of 
exposure) led to a formation of a firm layer of corrosion products on steel 
surface, thereby slightly improving the steel/concrete bond strength. However 
further increase in corrosion rate significantly decreased the concrete/steel 
bond strength.  
 Morphology results of low concrete strength specimens at high corrosion rate 
showed severity of corrosion damage and large reduction in diameter and 
corrosion pits. On the other hand, corrosion of steel embedded in concrete 
with high compressive strength of 46MPa was in the form of severe grooves.  
 The bond stress-slip response of embedded steel bars in pull-out specimens 
was adversely affected by the corrosion rate due to steel bar corrosion and 
cracking of concrete. 
 Low concentration of CN (2% by weight of cement) in low strength concrete 
specimens exposed to 3% NaCl did not protect the steel reinforcement against 
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corrosion at long exposure time. However, 4% CN showed better corrosion 
resistance over a long period of time.  
  The presence of sufficient CN in concrete increased the time to initiation of 
reinforcement corrosion and decreased corrosion rate even for poor quality 
concrete, thereby extending reinforced concrete structure service life. 
 Concrete specimens of low and high compressive strengths without CN after 
1 day of acceleration corrosion showed higher bond strength than those with 
CN because of the effect of surface condition. For further corrosion 
acceleration up to 7 days the higher concentration of CN, the higher bond 
strength in low and high concrete strengths specimens was obtained. The 
same trend was observed at 15 days of corrosion acceleration, except the 
specimen of 20MPa compressive strength with 2% CN recorded the highest 
deterioration in bond strength because of high anodic/cathodic ratio at the 
rebar level which allowed chloride to breakdown the passive layer and then 
formation of pits.   
 
7.3 Future work  
1- A computational model using finite element analysis of bond characteristics 
of corroded steel in concrete should be developed and validated against 
experimental results.   
2- There is little data available on deterioration of bond strength between steel 
and concrete for high strength concrete due to chloride-induced corrosion. A 
comprehensive study using potentiodynamic polarization technique is 
recommended to investigate the corrosion behaviour of reinforcing steel in 
concrete. Moreover, the effect of corrosion rate on steel/concrete bond 
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strength should be also investigated. In this study the following parameters 
may be considered: 
(a) Effect of concrete strength on steel corrosion (with Ordinary Portland 
Cement, fly ash, silica fume and ground blast furnace slag). 
(b) Effect of reinforcing steel bar with different protective coating such as 
epoxy and galvanized steel coatings. 
(c) Effect of different CN concentrations mixed with fly ash, silica fume 
and ground blast furnace slag concretes. 
(d)  Effect of different bar diameter and different concrete cover thickness 
on the extent of corrosion and bond between steel/concrete interface.  
3- Surface condition is an important factor on corrosion of steel bars in concrete 
and deterioration of steel/concrete bond strength. Further investigation is 
suggested to examine the effect of rebar surface treatments such as water 
treatment and sand blasting on corrosion resistance of rebar in concrete and 
deterioration of steel/concrete bond strength at long exposure time to chloride 
solution.  
4- Effectiveness of selected repair techniques to enhance the service life, such as 
cathodic protection. 
 
Recently, there are some data available on corrosion behaviour of reinforcing 
stainless steel in concrete exposed to environment containing chloride and no data on 
deterioration of bond strength between corroded reinforcing stainless steel bar and 
concrete. A study using potentiodynamic polarization technique is suggested to 
investigate the corrosion behaviour of reinforcing stainless steel in concrete exposed 
to chloride. In addition the bond strength between reinforcement stainless steel and 
concrete should also be investigated. 
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